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ABSTRACT
The transformations of HfO2 are often described as analogous with the trans-
formations in ZrO2 because of the similar crystal structures; however the phase
transformations in HfO2 occur at higher temperatures. Even though this phase
transformation has been extensively studied in ZrO2, the respective transforma-
tion in HfO2 is relatively unstudied and the properties that are reported are in-
consistent. Much of the diculty associated with studying HfO2 is related to the
high temperatures needed and the sensitivity of the crystal to the environmental
partial pressure of O2. HfO2 is expected to be capable of producing the same
level of transformation toughening as ZrO2 at temperatures beyond 1000
C, the
thermodynamic limit for toughened ZrO2. Despite signicant eort the tough-
ening acquired has not met with expectation. By providing information on the
structure of HfO2 as it undergoes transformation, this study makes a signicant
step towards solving this problem. Signicant advancements in experimentation
have enabled a systematic study of the structure of HfO2 in its monoclinic and
tetragonal phases in air. Using a quadrupole lamp furnace and a novel curved
image plate detector the structure of HfO2 and ZrO2 have been characterized by
high temperature x-ray diraction. The structural information provided by these
experiments allows the properties of the transformation to be further investigated.
Using phenomenological theory of martensite crystallography, the strain associ-
ated with the transformation from the tetragonal to the monoclinic phase has been
described and provides insight into the lack of transformation toughening found in
HfO2. Further characterization includes determination of the transformation tem-
perature in air, the change in volume associated with the transformation and the
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temperature hysteresis of the transformation. In addition to transformation prop-
erties, the thermal expansion of HfO2 and ZrO2 has been thoroughly described as a
function of temperature and crystallographic direction. The monoclinic phases of
ZrO2 and HfO2 have largely anisotropic thermal expansion which can only be fully
described in tensor form, due to the low symmetry of the crystal. A systematic
procedure for analyzing the thermal expansion of such low symmetry materials
has been developed. Full characterization of the thermal expansion of the crystals
has provided insight into the relationship on of the bonds in the structure to the
expansion on heating. Use of advanced x-ray scattering experimentation for high
temperature materials is also discussed, in particular the use of xed incident
reection geometry.
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CHAPTER 1
INTRODUCTION
1.1 Background
Most of the useful structural properties of HfO2 and ZrO2 are in the tetragonal
phase, or are derived from the large volume change during the tetragonal to mon-
oclinic phase transformation. Studying the phase transformations of HfO2 has
been a considerable challenge due mainly to the high transformation temperature.
Reaching temperatures in excess of 1700 C in order to investigate the proper-
ties of the transformation in situ has traditionally required an inert or vacuum
atmosphere; most heating elements that operate in air cannot surpass 1700 C.
This poses a problem for studying HfO2, since it is known to readily form oxygen
vacancies, which eect crystallographic properties at high temperatures.[1, 2, 3, 4]
The high x-ray and neutron absorption coecients drastically increase the time
diraction experiments required to adequately sample the crystal structure. The
combination of ultra high temperatures and large data collection times compli-
cates such experiments. In the past diraction experiments on HfO2 samples have
generally been been conducted by heating in an inert atmosphere or in a vacuum,
while the eects of oxygen vacancies have been ignored.[5, 6, 7, 8, 9, 10] Other
experiments have studied doped HfO2 and extrapolated to get the properties of
the pure phase.
The similarities between HfO2 and ZrO2 have, for decades, risen the issue of
whether HfO2 can replace ZrO2 in its many high temperature and structural ap-
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plications, such as thermal barrier coatings[11, 12], fuel cell electrodes[1], high
temperature structural materials, high hardness materials[13], and toughened
composites[14]. A more recent drive to nd the properties of HfO2 has been caused
by the use of HfO2 and related compounds as gate oxides in metal oxide semicon-
ductor eld eect transistors (MOSFETs). Even though these ceramics are used
as thin lms, the bulk properties are necessary as a basis to predict the behavior
in lms.[7, 15, 16, 17, 18] Even with the recent surge of investigations in HfO2 the
underlying diculties in studying its properties for these applications has not
been overcome.
The goal of this work is to investigate the crystallographic properties of HfO2 in
situ, in air, during the transformation between monoclinic and tetragonal phases
as well as with in the monoclinic and tetragonal phases. In order to do this,
signicant developments in high temperature x-ray diraction techniques and in-
strumentation needed to be undertaken.
1.2 Crystal Structure of HfO2
In 1959 Adam and Rogers [19] were the rst to suggest the similarity between
the crystal structures of monoclinic HfO2 and ZrO2.[20] The cause for the paral-
lelism between HfO2 and ZrO2 is the similarity in the Hf
4+ and Zr4+ ions. Both
elements are group 4, giving them similar valence electrons 4f 145d26s2 for Hf and
4d25s2 for Zr. Due to lanthanide contraction, the ionic size of Hf4+ and Zr4+ are
very similar. The Shannon-Prewitt ionic radii for 7-fold coordinated Hf4+ and
Zr4+ are 76 and 78 pm , respectively and for 8-fold coordinated ions are 83 and
84 pm , respectively.[21] The similar electronic structure and atomic size, in addi-
tion to similar electronegativities (1.23 and 1.22 for Hf and Zr, respectively[22])
are indicative of the similar chemistries and properties of these elements.
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HfO2 and ZrO2 have the same polymorphs upon heating. The room temperature
polymorph, known has the baddeleyite structure, has monoclinic space group,
P21=c, and is stable up to about 1700
C in HfO2. This structure is shown in
Figure 1.1, which depicts the unit cell of the baddeleyite structure. It is much
easier to understand this low symmetry structure by breaking it up into parts.
In this structure Hf4+ ions are in 7-fold coordination with oxygen atoms, and
the oxygen atoms are either in 3-or 4- fold coordination with Hf4+ ions. Figure
1.2 shows the structure of the seven oxygens around a Hf4+ ion. There are 3
oxygens labeled O1 bonded to each Hf4+ ion, these oxygens are each bonded to
3 Hf4+ ions such that all 4 atoms are in a plane. The other 4 oxygens, labeled
O2 in Figure 1.2, are bonded to four Hf4+ ions in a tetrahedral conguration.
The 7-fold coordinated Hf4+ ion polyhedra are oriented in such away that there
are layers of O1 oxygens and O2 oxygens which are perpendicular to the a-axis
of the monoclinic unit cell. These layers are shown with only one oxygen type,
O1 or O2, and the other oxygen type removed in Figures 1.3 and 1.4. At room
temperature the HfO2monoclinic unit cell is slightly smaller than the ZrO2 unit
cell.
(a) a-axis progection (b) b-axis progection (c) c-axis progection
Figure 1.1: The unit cell of monoclinic HfO2 , baddeleyite, at room temperature,
as portrayed by Crystalmaker software.
At higher temperatures the oxides transform to take on the the tetragonal
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Figure 1.2: The Hf4+ ion coordintated by two types of oxygen atoms that are
unrelated to each other is structure
uorite structure with P42=nmc space group. The unit cell is shown in Figure
1.5. This crystal structure was rst accurately described by Teufer in 1962 using
high temperature x-ray diraction.[23] The highest temperature solid phase of
HfO2 and ZrO2 is the cubic uorite structure with the Fm3m space group. In the
tetragonal and cubic phases the metal ions have 8-fold oxygen atom coordination
and oxygen is 4-fold coordinated with metal ions. There are few studies of HfO2 for
these phases due to the extremely high temperatures.
In both HfO2 and ZrO2 high pressure phases exist that are of interest as mate-
rials with ultra high hardness. At room temperature there are two known high
pressure phases of HfO2 and ZrO2. The rst forms at a pressure which is widely
debated and ranges from 5-20GPa.[24, 25, 14, 13] This orthorombic phase has
9-fold coordination of the metal ions and is in the Pbcm space group. At even
higher pressures (>30GPa), the oxides adopt the orthorhombic cotunnite struc-
ture, which is in the Pnma space group and also has 9-fold coordinated metal
4
(a) a-axis progection (b) b-axis progection
(c) c-axis progection
Figure 1.3: The structure of room temperature, monoclinic HfO2with the O2
oxygen position removed, showing only the bonds from Hf to the O1 oxygen
atoms viewed from various crystallographic directions.
ions.
1.3 Phase Transformations of HfO2
When considering structural ceramics, there is no more important phase transfor-
mation than the tetragonal to monoclinic transformation in ZrO2. This marten-
sitic transformation has been the highlight of many studies in both ceramics and
phase transformation communities.[7, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]
Correctly engineering stabilized ZrO2 has produced fracture toughnesses, Kc, of
up to 20MPam0:5 [38]. The phenomenological theory of crystallography has been
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(a) a-axis progection (b) b-axis progection
(c) c-axis progection
Figure 1.4: The structure of room temperature, monoclinic HfO2with the O1
oxygen position removed, showing only the bonds from Hf to the O2 oxygen
atoms, viewed from various crystallographic directions.
employed to investigate the mechanics of this transformation.[39, 40, 41, 42, 43]
The stabilization and engineering of high toughness ceramics has fondations in
these studies. HfO2 has not had the same level of understanding or success. The
similarities between ZrO2 and HfO2 indicate that the transformation should have
the same toughening eect on ceramic bodies. HfO2 has not had the same level of
success when integrated into toughened composites, but no fundamental reason
for these dierences has been recognized.[14]
The diraction experiments conducted in this dissertation have probed the
structure of HfO2while undergoing the transformation from monoclinic to tetrag-
onal and back. Proper analysis of this data can provide valuable information
about how the transformation proceeds. This can be contrasted to the analogous
6
(a) a-axis progection (b) c-axis progection
Figure 1.5: The unit cell of tetragonal HfO2.
transformation in ZrO2 in order to investigate the fundamental similarities and
dierences in the two ceramics.
The transformations are characterized by the temperature of transformation,
including the amount transformed as a function of temperature. Of course, the
transformation temperatures are very dierent, so the transformations are com-
pared with respect to temperature rate of transformation and the dierence in
transformation temperature on heating verses cooling, the hysteresis. The strain
that the transformation undergoes on transformation is also compared. The strain
can be viewed as simply the volume change upon transformation, but when the
lattice correspondence of the two phases is taken into account the strain can be
more complex and provide much information about the transformation.
The most important properties of the tetragonal to monoclinic phase transfor-
mation are those that relate to its martensitic nature. The martensitic charater
of this transformation is fundamental to its toughening abilities. The rst step
in understanding a martensitic phase transforamtion is to obtain the Bain strain
matrix. This allows for several characteristics of the transformation to be pre-
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dicted. From the structural information obtained, the Bain strain, relating the
product and parent phases, is calculated and analyzed.
The largest dierence between HfO2 and ZrO2 is the transformation tempera-
ture from monoclinic to tetragonal phase. This occurs at nearly 600C higher in
HfO2 than in ZrO2. It has been sugested that the dierence in transformation
temperature is due to a critical bond length, between metal ion and oxygen, that
must be reached in the monoclinic phase before the tetragonal phase becomes
stable.[14, 44] The structural information obtain has been probed and used to
provide evidence that supports this therory.
1.4 Eect of Ta2O5Doping on HfO2
Many studies have been done on the stabilization of HfO2 by doping with sig-
nicant amounts of other oxides.[14] Much of the drive for this is related to the
successful use of doped ZrO2 in many types of applications. By adding oxides to
ZrO2 the tetragonal or cubic phases can be stabilized or partially stabilized down
to room temperature, allowing for greater mechanical toughness[32, 45], higher
ionic conductivity[46, 47], and better coating durability[48]. Much of the selec-
tion of dopants into ZrO2 has to do with ionic size, oxidation state and oxygen
coordination. The tantalum ion is normally in +5 oxidation state, its Shannon-
Prewitt ionic radii are given in Table 1.1 and Ta2O5 often takes on multiple oxygen
coordinations[49].
In an earlier investigation it was reported that addition of Ta2O5, in small
amounts, to HfO2would stabilize the high temperature phases at lower temperature.[51]
Besides this, very little is known about the HfO2-Ta2O5 phase diagram. Clues can
be taken from the ZrO2-Nb2O5 phase diagram, but however, since ZrO2 is known
as a sister system to HfO2 and Nb2O5 is known as a daughter system to Ta2O5. As
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Table 1.1: Shannon-Prewitt ionic radii in Angstroms for relevant ions at relevant
oxygen coordinations[50]
oxygen coordination
ion 6 7 8
Hf4+ 0.71 0.76 0.83
Zr4+ 0.72 0.78 0.84
Ta5+ 0.64 0.69 0.74
Nb5+ 0.64 0.69 0.74
can be seen in Table 1.1, the Shannon-Prewitt ionic radii of the various coordina-
tions of Nb5+ are identical, within error, to that of Ta5+. In this system it has been
shown that very little Nb2O5 ts into the ZrO2 structure. Several studies have in-
stead shown that a series of phases described by Thomson et al. as composite mod-
ulated structures exist.[52, 53, 54] The series, Nb2Zrx 2O2x 1 (7:1 < x < 10:3),
has an orthorhombic symmetry, but it is commonly mistaken for the uorite
structure.[54] According to Thomson et al.[53] and Sellar[54], Galy has unpub-
lished results indicating the formation of Ta2Zr8O21 (or Ta2O5  8ZrO2). Given
the large similarity between HfO2 and ZrO2, it can be expected that there will
be similar aspects between the phase diagrams of HfO2 -Ta2O5 and ZrO2 -Nb2O5.
The role of Ta2O5 in the structure of HfO2 needs to be reanalyzed and possibly
conrmed.
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1.5 Thesis Objectives
The major objective of this thesis is to investigate the high temperature crystal
structure of HfO2 in air. High temperature x-ray diraction studies has been
be performed in situ to discover the transformation properties of HfO2 during
phase change from monoclinic to tetragonal. The thermal expansion of HfO2 is
extensively characterized in both the low symmetry monoclinic phase as well as
the higher temperature tetragonal phase. In addition, the eects of doping pure
HfO2with Ta2O5 are investigated with respect to the transformation properties
and phase stability.
A signicant amount of instrumentation has been developed to reach these
goals. Central to these is a furnace that can hold a sample in air at temperatures
in excess of the transformation temperature of HfO2. The diraction experiments
need to be carried out quickly, in a fraction of the time that the furnace can main-
tain the ultra high temperatures required. This will allow a substantial series of
diraction measurements to be acquired. The high x-ray ux of synchrotron radi-
ation will provide substantially increased intensity of diracted x-rays at a given
exposure time. Advanced x-ray sources, in combination with an x-ray detector
that is capable of collecting diraction patterns at high rates, will decrease the
time for each diraction experiment considerably. In addition to fast collection
times, the x-ray detector must be capable of acquiring high resolution diraction
patterns so that the diraction peaks of tetragonal HfO2 can be discerned amongst
the many peaks of monoclinic HfO2. High resolution will also provide increased
accuracy when determining the crystallographic thermal expansion of the phases.
Since advances in instrumentation alone are not enough, a substantial eort has
been made to reduce the delays during experimentation by programing controls
that simultaneously manage the synchrotron beamline components, the x-ray de-
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tector and the furnace. Furthermore, the high x-ray absorption of HfO2 , increases
the diculty of these experiments. Modications to common x-ray diraction
geometries that minimize the eect of absorption must be applied. The geome-
try used must be capable of reaching the high temperatures necessary and must
minimize the time of data collection, while still providing satisfactory diraction
intensity.
The high temperature diraction experiments have, for the rst time, allowed
the characterization of the tetragonal to monoclinic transformation to be cons-
ducted. The athermal transformation is described according to the extent of
transformation as a function of temperature. This method does not allow for
determination of the lattice correspondence for the transformation or the slip or
twinning system involved in the martensitic transformation. Although, by assum-
ing a lattice correspondence between the parent and product phase, the crystal
structure and lattice parameters at transformation allow the calculation of the
transformation Bain strain. From the Bain strain matrix some knowledge can be
inferred about the degree of strain required for each lattice correspondence, and if
it is possible to have an invariant plane strain without a slip or twinning system.
Additionally, high temperature diraction experiments on ZrO2 have been con-
ducted so the structure of HfO2 at transformation can be related to a more well
known system. To test the theory of a critical bond length at transformation, the
metal ion - oxygen bond lengths in HfO2 and ZrO2 are compared at the respective
transformation temperatures.
The temperature dependent thermal expansion of HfO2 is thoroughly charac-
terized. This has been particularly important for the low symmetry monoclinic
phase where thermal expansion is highly dependent on crystallographic direction.
To accomplish this, an algorithm for using diraction data from several tem-
peratures to determine the thermal expansion as a function of crystallographic
11
direction and temperature was be developed. The thermal expansion of ZrO2 is
also characterized and compared to that of HfO2.
The nal objective of this thesis is to determine the eect of Ta2O5 on the
structure and phase stability of pure HfO2. A diusion couple with the intended
purpose of determining the phase stability of HfO2 doped with Ta2O5 has been
constructed, but due to many diculties, it has provided little information, aside
from the diculty involved in its creation. To further investigate the stability of
Ta2O5 in HfO2, several powder samples were made of varying compositions, utiliz-
ing novel powder synthesis techniques. High temperature x-ray diraction of these
samples has provided insight into the formation of a HfO2  6Ta2O5 compound.
The diraction experiments were also used to determine the trend in the mon-
oclinic to tetragonal transformation temperature with increasing Ta2O5 content.
Further evidence is given that Ta2O5 does not stabilize the tetragonal phase of
HfO2 by lowering the transformation temperature.
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CHAPTER 2
INSTRUMENTATION
2.1 Quadrapole Lamp Furnace
The rst challenge was to exceed the transformation temperature of HfO2 in air.
Most furnaces that reach these temperatures use elements that oxidize when ex-
posed to O2. The Kriven research group has had a long history of using optical
furnaces to reach ultra high temperatures for in situ experiments. [55, 56, 57, 58,
59, 60, 61] In this case a quadrupole lamp furnace (QLF) was chosen for its ability
to reach 2050C in air. The QLF, shown in Figure 2.1, is made up of a water-
cooled brass core with four elliptical lamps. The focus of each lamp lament is
arranged to overlap, such that the hot zone of the furnace is a disk (4mmx4mm).
The shape and size of the furnace hot zone has been throughly characterized by
Sarin et al.[58] The entry port for the x-ray beam is perpendicular to the face of
the disk-shaped hot zone. On the other side of the furnace is a slit that allows for
diracted x-rays from the sample to be scattered to a detector for up to 37 2.
Perpendicular to the direction of the beam there are 3 ports for accessing the hot
zone, one on top and on either of the two sides. Typically the sample is mounted
and inserted through a side port, and a thermocouple is inserted through the top
port. The thermocouple (Type R or B) is placed close to the sample, but is not
used to measure the temperature of the sample, as the large heat gradients in the
furnace would make this method of temperature measurement very inaccurate.
The thermocouple is used as a guide for control of the power to the lamps. The
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lamps of the furnace are OSRAM Xenophot HLX64635 halogen infrared lamps.
Each lamp can operate at 15V and up to 150W. The lamps are cooled at the
neck by wrapped copper tubes. The lamps emit mostly infrared radiation with
the largest spectral intensity being at 800 nm. The spectral range of the lamps
extends from approximately 500  2500 nm. The temperature a sample can reach
depends largely on its absorption of infrared radiation. This makes the sample
temperature dier largely from the thermocouple used to control the furnace.
An internal thermometer is used to measure the temperature of the sample
accurately. Platinum has been chosen as the internal thermometer for the studies
done here. Platinum is inert to most oxides, and its cubic structure makes for
few diraction peaks to overlap with sample peaks. The thermal expansion of
Pt has been accurately characterized from room temperature up to 1638C. [58]
This provides an accurate way to determine the sample temperature within a few
degrees Celsius.
2.2 Sample Support
When dealing with samples at high temperature a major concern is the method
by which the sample is supported. For x-ray diraction at a synchrotron beamline
the sample is generally small, from microns to centimeters. In order to stay in
the x-ray beam the sample must be held by a rigid support, that can withstand
the temperatures that the sample is subject to. For these studies several sample
supports were explored for high temperature diraction:
Kapton tubes Very low background, cannot be used at high temperatures
Glass capillaries Low background, very small sample size (100  500m), can-
not be used at high temperatures
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(a) OSRAM Xenophot
HLX64635 halogen infrared
bulb
(b) Bulb arrangement (c) Distribution of radiation
(d) The whole furnace with the water chilled body and electronics
mounted to a Huber diractometer.
Figure 2.1: The quadrupole lamp furnace (QLF) used to take x-ray diraction
samples to ultra high temperatures ( 2000C) in air for in situ experiments
Amorphous silica capillaries Small sample size (< 500m), cause little back-
ground, but crystallized at about 1200C
platinum boat Reection mode, can support at high temperature (. 1700C),
absorbs lamp furnace radiation well
Alumina half-tubes Reection mode, can support sample at high temperatures
(. 1600C)
15
Yttria stabilized zirconia half-tubes Reection mode, can support sample at
very high temperatures (. 1800C)
Sapphire capillaries Large diraction peaks in background, can support sample
to very high temperatures (. 1800C)
Of these sample supports the nal two, yttria stabilized zirconia (YSZ) and sap-
phire capillaries, showed the most promise for the high temperature diraction of
HfO2 through the transformation to the tetragonal phase.
2.2.1 YSZ Half-tubes
Manufactured by Coorstek(Golden, CO, USA), these tubes were custom made to
be, 2 cm long, with a 4.5mm outer diameter. This will allow the tubes to t into
the furnace port which is a circular hole of 5mm. The wall thickness of the tubes
were approximately 0.3mm . The tubes were sectioned such that half of the tube
was split along the diameter. Zirconia paste was placed in the halved end of the
tube this allowed powder to be packed in without falling out the end. Each tube
was secured by an alumina tube using zirconia paste.
Sintering was found to be an issue with this type of sample holder. The sam-
ple height needs to be known accurately in order to correct the location of the
diraction peaks. With the sample sintering this became an issue. The resistance
of the tube to high temperatures was better than expected. These sample holders
could be reused several times up to the high temperature limit of the quadrupole
lamp furnace.
2.2.2 Sapphire Capillaries
The sapphire capillaries are sold commercially by Saint-Gobain (Valley Forge,
PA). They are grown along the c-axis and are hexagonally facetted. The inner
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diameter of the capillaries used were 0:6mm  0:1mm. Being single crystal, the
diraction peaks from these capillaries are strong and may sometimes far exceed
the intensity of the peaks from the sample contained within. Sapphire was found
to be a good material to use up to 1900C. The capillaries were packed with
sample, small alumina tubes were placed inside the sapphire to secure the powder
in place while still allowing access to air.
Tips for using sapphire capillaries
 A slight misalignment of the capillary can make diraction peaks rotate in
and out of alignment with the detector.
 Moving the rotation axis of the goniometer can move diraction peaks of
the sapphire capillary completely o of the detector image plate.
 The x-ray beam should be smaller than the inner diameter of the capil-
lary. This will minimize the amount of background diraction peaks from a
rotating sample.
 In order to maximize the IR absorption of the sample, bands of Pt ink can
be placed on the capillary just outside where the x-ray beam hits the sample.
2.3 Curved Image Plate Detector
2.3.1 Background
X-ray powder diraction is a valuable cornerstone in materials characterization.
Over the last two decades this technique has been increasingly used to solve
crystal structures using the Rietveld method, a development which has greatly
enhanced the power of the powder diraction method [62]. Advancements made
in instrumentation and computer technology have also contributed to the growth
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in popularity of the powder diraction method. Instrumental developments have
been focused on improving the quality of diraction data as well as on decreasing
the time required for measurements. Furthermore, the advent of synchrotron x-
ray sources has propelled the need to develop x-ray detectors to conduct dynamic
studies, in real time [63]. Amongst the various detector systems which have been
considered in the past are (a) multi detector systems [64, 65], and (b) position
sensitive detectors (PSDs), which include linear sensitive proportional counters
[66, 67, 68], (c) charge coupled devices (i.e. CCDs), and (d) image plate (IP)
systems [69, 70, 71]. Although the multi detector setup, when used along with
the analyzer crystals, provides for unparalleled resolution in x-ray diraction data,
it could still require some time to collect diraction patterns suitable for structure
solution [64, 65]. Regardless of the angular coverage of each analyzer-detector in
the multi detector setup, the diraction data is collected by scanning procedures
and has associated angular time dependence. PSDs belong to the category of x-
ray detectors which utilize dierent phenomena of x-ray interaction with matter
to record the positions of the arrival of x-ray photons. These detectors oer the
advantage of simultaneous acquisition of diraction data over a large 2 range.
More recently research has focused on the use of photon-counting silicon microstrip
detector arrays [72]. When used in Guinier geometry, it is possible to achieve
resolution approaching that of an analyzer crystal setup [73]. Although several
detector systems have been developed to date, and some are even commercially
available, no dominant PSD detector design has been established. Research is
ongoing to develop PSD systems which can oer higher resolution, faster data
acquisition rates and, simple calibration without compromising the signal-to-noise
(S/N) ratios.
Arndt has discussed several characteristics to assess the quality of a PSD [74].
Among these, cost is the most prohibitive factor. Construction of a fast PSD
18
system to cover a wide 2 range with adequate spatial resolution can be expensive,
particularly in systems which use linear sensitive proportional counters or CCDs.
IP detectors which use a phosphor lm, tend to be less expensive and have been
developed both as at plates [75, 76, 77] and as cylindrical curved detectors [78,
79, 80, 81, 82]. However, one problem with the IP detectors has been the delay
in data acquisition, either due to the size of the area detector or due to the
requirement of an external scanner, which can also compromise reproducibility.
A new one-dimensional curved image plate (CIP) detector has been devel-
oped to rapidly collect powder diraction patterns with excellent angular reso-
lution and good dynamic range performance. This detector is based on the OBI
(German: Ortsfestauslesbarer Bildplattendetektor) detector previously developed
at the Hamburger Synchrotronstrahlungslabor (HASYLAB) at the Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany [83, 84]. The restriction
of the detector to one dimension (as opposed to a two-dimensional IP) reduces
the complexity of the mechanics and the time for the readout of the IP. The CIP
detector is a signicant improvement over all other position sensitive detectors
for rapid collection of high resolution data. The detector has been designed for
operation in conjunction with a quadrupole lamp furnace (QLF) to conduct in
situ high temperature x-ray diraction (HTXRD) studies on polycrystalline (or
powder) specimens, in real time, up to 2000C in air [58]. This article presents
details on the basic features, operation and performance of the CIP detector along
with some examples of applications.
2.3.2 Basic Components and Design
The CIP detector is a curved, one-dimensional detector which simultaneously
records the entire x-ray diraction pattern over a 38.7 2 range on a photostim-
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ulable, curved image plate. Figure 2.2 shows a side view of the CIP detector
mounted for use at the 33BM-C bending magnet beam line at the APS at ANL,
Argonne, IL, USA. The salient parameters and components of the CIP detec-
tor are listed in Table 2.1. The details on the working and construction of the
CIP detector are analogous to the OBI detector at HASYLAB, and have been
reported elsewhere [83, 84]. The detector is constructed as a section of a circle of
radius 1045mm, with the polycrystalline sample at its center. The photostimu-
lable phosphor IP (Fujilm BAS-IP SR 2040) is glued on a cylindrically curved
aluminum plate which is encased in a light-tight housing made of aluminum and
lead. A 15mm wide slit in front of the IP allows for exposure to X-radiation over
the full angular range of the detector. The slit is also covered with a black carbon
impregnated Kapton foil to protect the IP from exposure to ambient visible light.
Upon exposure to x-rays, a latent image is generated in the form of locally
trapped electron-hole pairs [85]. Only a fraction of incident x-ray energy is stored,
which can later be stimulated by visible light to induce photostimulated lumines-
cence (PSL). The intensity of the light emitted as a result of PSL, which has a
wavelength of 390 nm, is proportional to the absorbed x-ray intensity [86]. In the
CIP detector, the absorbed x-ray intensity information is extracted using a scanner
consisting of an adjustable line focus red laser diode (2:4mm(W)0:025mm(H))
for stimulation, and a photomultiplier tube (PMT; Hamamatsu H5784) to record
the emitted light. Both the scanning laser diode as well as the PMT, are shielded
in a specially designed scanner head. The scanner-head is xed on a mobile car-
riage guided by a curved rail and is driven by a linear motor. Its position can
be determined with an accuracy of better than 1 micrometer. The output volt-
age from the PMT is converted by an analogue/digital-converter in real-time and
40900 data points, in the form of observed intensity vs pixel number, are trans-
ferred via TCP/IP to the data collection computer. The remaining image on the
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Table 2.1: Curved image plate detector components and specications.
Phosphor image plate
Type Fujilm BAS-IP SR 2040
2 coverage  40
Sample-to-plate distance  1045mm
Arc length of phosphor plate  700mm
Scanner head, motor, and eraser
Scanning laser diode, dimensions on IP 2:4mm  0:025mm (W  H)
Scanning laser diode, power output 3mW
Scanning laser diode, wavelength 6635 nm (red)
Photostimulated luminescence wavelength 390 nm
Integrating optical sphere, diameter 34mm
Blue glass lter Schott-glass BG3
Photomultiplier tube, type Hamamatsu H5784
Motor servo amplier, type Renishaw RGH22
Eraser halogen lamp bulb, type OSRAM Decostar 35 (30 W)
CIP detector overall physicall parameters
Total detector weight  110 kg
Total length (in beam direction)  1000mm
Total height  1550mm
Total width  510mm
Plate aluminium housing (inner diameter) 850mm
Plate aluminium housing (outer diameter) 1070mm
Supporting aluminum construct (HLW) 810mm  950mm  650mm
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Figure 2.2: The curved image plate (CIP) detector at 33BM-C beam line at
APS, ANL, Argonne IL. Also shown in the photograph is the quadrupole lamp
furnace (QLF) mounted on the Huber diractometer, and together with the CIP
detector, this equipment was used for HTXRD investigations on polycrystalline
or powder samples in air, up to 2000C.
IP is then erased by a halogen lamp, which is placed next to the scanner-head, to
prepare the detector for the next exposure.
The CIP detector was designed for use at the 33BM-C beam line at the Ad-
vanced Photon Source (APS) at Argonne National Laboratory (ANL), and has
high intrinsic resolution. The data acquisition time is short due to signicant x-ray
intensities at the APS. The CIP detector system permits simultaneous measure-
ment of the powder diraction spectrum over a large range of scattering angles
(although this is somewhat smaller than provided by the OBI detector). Taking
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into account the angular coverage of the CIP and the total number of data points,
the detector has an angular pitch of  0:00095. The choice of a smaller angular
range for the CIP detector was mainly dictated by the accessible 2 range of the
QLF, as it is primarily intended for XRD studies on polycrystalline samples at
high temperatures [87, 88]. The larger sample-to-IP distance (1045mm) in the
CIP detector setup enables collection of XRD patterns with higher resolution. It
also permits the use of a crystal analyzer setup without any repositioning of the
CIP detector, which is essential for the determination of 2 values for each pixel
on the CIP, as explained in the next section.
2.3.3 Setup and Operation
Detector alignment and calibration
The rst task in the conguration of the CIP detector is the alignment, followed
by calibration, which involves the assignment of 2 values to each pixel on the
IP. The alignment process involves positioning the CIP such that each point on
the image plate is equidistant, approximately 1045mm, from the sample mounted
on the Huber diractometer. The alignment is performed upon rst use of the
detector, and the detector position is xed for subsequent experimental runs. The
CIP detector is mounted on a stand attached to a table, and has four degrees of
freedom for manual positioning of the detector. While the table allows for linear
translation, both perpendicular to and along the incident x-ray beam direction,
a rotational adjustment on the stand about an axis parallel to the sample axis,
enables ner angular positioning of the CIP. The pixels on the CIP detector
were assigned 2 values with an accuracy of 0:0006 using the diraction pattern
from LaB6powder, the standard reference material (SRM 660a) from the National
Institute of Standards and Technology, (NIST, Gaithersburg, MD, USA). The
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powder standard was mounted in a 0.2mm glass capillary (Glas, W. Muller,
Schonwalde, Germany) and rotated at 60 rpm. An incident slit of 0:2mm(H)
3mm(W) and a wavelength of 0.5508A were used for these measurements. The
output of the CIP detector is in the form of absorbed X-ray intensity vs pixel
number. In order to assign a 2 value to each pixel on the IP, the LaB6peak
positions, measured as pixel numbers by the CIP detector, were compared to
avalues for the corresponding peaks measured using a scintillation counter with a
Si(111) analyzer crystal in the diracted beam path. A polynomial of second order
was calculated by least-squares routines to transform the pixel values on the CIP
to 2 values. Figure 2.3 shows the deviation in the 2 position determined using
the CIP detector from the true 2 position which was measured using the crystal
analyzer. The randomness in deviation from true 2 values justies the choice of
the second order polynomial function. Since the IP detector is curved, an ideal
alignment should result in a linear function to transform pixels to 2 values. As
shown in Figure 2.3 (see inset), the second order transformation polynomial for
2 assignment was fairly linear, considering the small value of the B2 coecient.
After satisfactory alignment and 2 assignment of the pixels, the CIP detector
produces high quality results in XRD experiments.
Improvement of S/N and/or time resolution
The CIP detector operation can be optimized to yield improved S/N ratios and/or
time resolution in XRD experiments. A number of factors can determine the time
resolution of an XRD experiment, and include (a) detector characteristics such as
rate of recording of incident X-ray photons and retrieval of intensity information,
(b) exposure time, and (c) automation of the experiment. The CIP detector, which
is an integrating detector based on IP technology, is not constrained by instan-
taneous count-rate limitations. Since the response time of the PSL phenomena
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Figure 2.3: Calibration of pixels on the CIP detector using SRM 660a reference
(LaB6powder) standard. Error in the assignment of 2 values to each pixel was
negligible (< 0:0005). (Note: In the 2nd order correction polynomial
x = pixels=1000)
is < 1 micro second, [89] the rate determining step for intensity information re-
trieval is the speed with which the scanner head can be moved across the CIP.
The extraction of x-ray intensity and subsequent erasure of any residual informa-
tion on the CIP can take approximately 30 seconds. Exposure time is mainly a
sample dependent variable and various factors such as absorption by the sample,
extent of crystallinity of the sample, as well as the beam intensity can determine
the duration of each scan. Automation of the XRD experiments is also impor-
tant to achieve good time resolution. All relevant aspects of a synchrotron XRD
experiment which include the CIP detector operation, opening and closing of the
33BM-C beam line shutters for dierent exposure times or incident photon count,
and other experimental controls (e.g. temperature control for HTXRD experi-
ment) can be automated. In addition to the beam line components, a separate
pneumatic shutter was designed and integrated with the CIP detector operation
for precise control of time of exposure of the sample to the x-ray beam during an
experimental measurement.
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For XRD experiments where time resolution is not very critical, the S/N factor
could be enhanced by summation or averaging of several scans acquired from
multiple exposures. The time required for an XRD experiment could also be
reduced by operational procedures without signicantly compromising the S/N
ratio of the diraction pattern. This was possible by multiple readings of the
x-ray intensity information stored in the IP from a single exposure. During the
intensity readout process, the laser induces only a fraction of the possible PSL
at a given location on the IP. As a result, the read process could be repeated a
second time before the IP was erased. In order to compare the eect of multiple
readings of the same exposure of the CIP, XRD patterns were acquired using
the LaB6powder sample for dierent incident intensities, and each exposure was
read twice. Figure 2.4(a) compares the intensities from the rst reading (r1)
with the sum of the rst and second readings (r1 and r2, respectively) for the
111 and the 100 peaks for LaB6. The linear scaling of the peak intensities with
increasing incident intensities for both the cases, i.e. r1 and r1+r2, conrmed
that the peak intensities measured during the second reading are proportional
to the rst reading. Furthermore it is also arguable that combining r1 and r2
may also improve the achievable S/N ratio of the XRD pattern. Since the X-ray
information storage, stimulation and detection in an IP detector are probabilistic
processes, the second reading can improve the counting statistics. The stochastic
behavior of the IP counting will lead into saturation of S/N, whereas the eect
of other contributions from the system/electronics can be improved by multiple
readings, mainly inuencing the background of the pattern. The resolution of
the XRD pattern was also not altered between r1 and r2, and is shown in Figure
2.4(b). Similarity in the values of the Caglioti parameters U , V , and W [90]
for the cases of r1, r2, and r1+r2, presented as in inset table in Figure 2.4(b),
conrms this result quantitatively. However, the benet of multiple readings of
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the same scan is limited and cannot be derived innitely. During each reading,
partial information is erased from the IP and the measured intensities decreased
in each subsequent reading. Nonetheless, multiple readings of the same exposure
decreased the time required to collect XRD patterns with reasonable S/N ratio
when compared to data acquisition using multiple exposures. However, this mode
of operation does increase the time interval between two consecutive exposures,
thereby reducing the time resolution when monitoring kinetic processes.
2.3.4 Performance Characteristics and Applications
The CIP detector inherits all the advantages commonly associated with IP de-
tectors, such as high count-rate capability, a wide dynamic range, uniformity of
response, etc [91]. In addition, this detector conguration also overcomes the
usual limitations encountered with the IP detectors such as the requirement for
an external scanner, or a small accessible angular range, as well as low spatial
resolution. In this study, extensive care was taken to identify the advantages
and any limitations of the CIP detector to conduct powder XRD investigations.
Some of the results reported in this article are conrmation of already accepted
characteristics of IP detector systems, and inclusion in this article was considered
necessary for quantitative representation of the performance of the CIP detector
when used for powder XRD studies at synchrotron sources. Other studies are
presented to highlight the signicant advantages of the CIP detector to address
challenging problems encountered in materials science using powder XRD.
All experiments were performed at the bending magnet beam line at 33 BM C,
at APS, ANL, Argonne, IL, USA. Standard reference materials 660a (LaB6) and
674a (   Al2O3, TiO2, ZnO, and Cr2O3) from NIST (Gaithersburg, MD) were
used to evaluate the detector performance. Powder samples of these materials
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were mounted in glass capillaries, rotated at 60 rpm, and XRD patterns were
acquired in transmission geometry. In the following sections the CIP detector
performance and selected applications are discussed.
Instrumental resolution
The most important benchmark for detector performance in powder XRD exper-
iments is instrumental resolution. Precise determination of peak positions and
ability to resolve two peaks in very close proximity rely on high spatial resolu-
tion. The resolution of a diractometer, which is also the intrinsic instrumental
broadening due to wavelength dispersion, aberrations etc., can be ascertained
using a reference material that does not yield extra broadening because of crys-
tallite size and/or strain eects. SRM 660a (LaB6) from NIST (Gaithersburg,
MD) is specially prepared to fulll these criteria and was used for this analysis.
Instrumental resolution was determined by measurement of the full width at half
maximum (FWHM) of the Bragg peaks in the XRD pattern of the standard.
Figure 2.5 compares the FWHM of the Bragg reections from the XRD patterns
collected using the CIP detector and the Si (111) analyzer crystal for SRM 660a
samples mounted in capillaries of dierent sizes. All the patterns were acquired
using incident X-rays of wavelength of 0.7006A and an incident slit size of 0.5mm
(H)  3mm (W).
Table 2.2: Caglioti formula parameters U , V , and W determined for dierent
capillary samples using LaB6standard.
U V W
Analyzer 0.00036(3) -0.00007(1) 0.00002(0)
0.1 mm capillary 0.00039(9) -0.00001(3) 0.00004(0)
0.2 mm capillary 0.00057(11) -0.00013(4) 0.00009(0)
The reection half-width of the LaB6(110) peak measured for a 0.1 mm cap-
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illary sample using the CIP detector was 0:007. In comparison, the FWHM of
the XRD pattern acquired using the Si(111) analyzer crystal was 0:004. The
instrumental resolution achievable using the CIP detector is much higher than
any point detector or IP detector system. It further translates into an accuracy of
at least 0:001 in 2 for peak position determination or approximately 0:0001A
in lattice spacing measurements. Increase in sample size (i.e. capillary size) re-
sulted in deterioration of resolution. Assuming a parallel incident X-ray beam,
a simplifying assumption for the 33BM-C bending magnet beam line, the main
contribution to the instrumental resolution function in this setup is the projection
of the capillary onto the IP. Therefore, reection half-widths and peak shapes are
inuenced by the capillary diameter and the distance between capillary and IP.
Considering the sample-to-IP distance (1045 mm), the size of the focal spot of
the laser beam from the scanner (0.025 mm), the grain size of the IP materials
and the typical size of a sample (0.3 mm), a FWHM of reections below 0:02
is achievable with the CIP detector. The sample size shows no signicant eect
on the FWHM of XRD patterns acquired using a Si (111) analyzer crystal (not
shown), which functions as an angular slit rather than a linear slit with nite di-
mensions. The curve of the FWHM vs 2 is expected to follow Cagliotis empirical
equation (FWHM)2 = U tan2 theta + V tan  +W [90]. The calculated values
for the U , V , and W parameters for dierent capillary size samples are presented
in Table 2. The peak shapes for sample capillary sizes of 0.3 mm and 0.5 mm
were super-Gaussian in nature, and could not be tted with a pseudo-Voigt func-
tion. The FWHM values for the 0.3 mm and 0.5 mm capillary samples included
in Figure 2.5 were approximated using a Gaussian function, and did not yield
reasonable U , V , and W parameters when tted with the Caglioti function.
A crystal analyzer inserted between the sample and a conventional detector
remains the highest resolution detector for X-ray powder diraction [92], but the
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advantages of this technique come at the cost of greatly reduced intensity, and
exceedingly long data acquisition times. The CIP detector successfully transcends
these limitations and combines high speeds in data acquisition over a wide dy-
namic range, with excellent resolution.
Linearity of response
Linearity and uniformity of response are two important characteristics of a po-
sition sensitive X-ray detector. Linearity is the ability of an X-ray detector to
respond proportionally to the incident photon ux. On the other hand, the uni-
formity of response of a PSD is its ability to produce an identical response, with
minimal variations at each pixel, for the same exposure to an incident X-ray pho-
ton ux. This is an important consideration for quantitative analysis and crystal
structure renement. The response of the PSL phenomena for an IP was reported
to be linear over the range 8 10 to 4 104 photons/ 100m2, with an error rate
of less than 5%[69]. In general, the IP detector systems are expected to show a
linear response over their dynamic range (1 to  105) and to yield reproducible
results over long periods of repeated use [89, 93].
The performance of the CIP detector was found to be linear over a wide range
of incident photon ux (I0 = 0:5, 1:5, 1:7, 2:5, 4:5, and 6:5 106 a:u:) at constant
energy ( 20:0 keV) with no loss in resolution. For this purpose, a series of XRD
patterns were acquired using the LaB6standard (SRM 660a) powder mounted in
a 0.1 mm glass capillary, for a range of incident X-ray photon ux. An ion
chamber in the incident beam path was used to monitor the incident photon
count (proportionally). All the XRD patterns were collected using X-rays with
 = 0:6194A. Peak intensities were determined by tting each peak individually
with a pseudo-Voigt function [L + (1   )G; where  is the mixing parameter
for Gaussian and Lorentzian proles] using CMPR [94]. Figure 2.6(a) shows the
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change in intensity with increasing incident photon ux for several peaks of the
LaB6standard. A plot of FWHM vs 2 for all the acquired patterns is shown in
Figure 2.6(b), and conrms that the instrumental resolution was invariant with
incident intensity ux. With increasing exposure, the 110 peak was saturated
for I0 = 4:5 and 6:5  106, and showed a plateau at the apex. Therefore, the
peak intensities and FWHM for these peaks are not included in the Figures 2.6(a)
and 2.6(b). The saturation limit for intensity counts for the CIP detector is
set at 65536 (i.e. 216) and intensity counts larger than this limit appear as
a plateau. It is important to note that despite the saturation in some of the
peaks, the linearity and peak shape of the unsaturated peaks were not aected.
Overall, the proportional increase in the intensity of each peak with incident
photon ux, observed with the CIP detector, is consistent with the expected
linearity of response of an IP detector system.
Some measure of uniformity in response of the CIP may be gauged from the
invariance in relative intensities of all the fourteen peaks for LaB6, within a rea-
sonable margin of error for IP systems ( 5 to 6%). These peaks were distributed
throughout the 2 range which extended from 0 to 37. However, the uniformity
of an IP detector is best ascertained by examining the response of each pixel under
uniform illumination/exposure. This is particularly dicult in the case of the CIP
detector because of the extent of angular coverage. An alternative approach could
involve exposing each pixel on the detector to the same ux by moving the detec-
tor across the x-ray beam with a nite slit placed in front of it. Unfortunately,
the size and weight of the detector are not suitable for such an experiment.
Eect of incident x-ray energy
The CIP detector performance was also evaluated as a function of incident X-ray
energy in terms of spatial resolution. As shown in Figure 2.7, the instrumental
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resolution of the CIP detector was invariant for incident X-radiation with energies
ranging from 14:0 to 22:5 keV. These experiments were conducted using the SRM
660a LaB6powder mounted in 0.2 mm glass capillaries, and rotated at 60 rpm.
The sample was exposed for dierent durations to achieve adequate S/N ratio
in the observed diraction prole. Each of the Bragg peaks was tted with a
pseudo-Voigt function using CMPR [94]. The mixing parameter  remained fairly
uniform throughout the 2 range for all the energies. The instrumental resolution
was also compared with the FWHM measured using a Si (111) analyzer crystal.
The slightly lower resolution observed in the 14:0 keV dataset was observed for
both the CIP detector and the Si crystal analyzer. This might be attributed to
the focusing condition of the incident beam.
The energy of incident X-radiation can determine important parameters such
as S/N ratio of the recorded XRD patterns, as well as the instrumental resolution.
The amplitude of the IP signal per individual X-ray photon depends on the energy
of the X-ray photons and can inuence the S/N ratio in the observed XRD pattern,
and is considered to be proportional to the product of the absorption eciency and
the amount of energy deposited in the phosphor by an absorbed X-ray photon[69].
The X-ray absorption of the commercial IPs of type ST III and ST V (Fuji), which
are similar to the IP used in the CIP detector, is 100% for energies below 20 keV
and decreases to about 50% for energies up to 37 keV[93]. Therefore, the eect of
incident radiation energy on the S/N ratios of the observed patterns was expected
to be minimal for the range of energy over which the CIP detector performance
was evaluated in this study. However, absorption of X-rays by the sample is also
an important consideration, and is higher for lower energy photons. The duration
of exposure for lower energy photons was increased in order to achieve S/N ratios
similar to the XRD patterns collected using higher energy photons.
Since the absorption eciency of the IP is almost 100% in the evaluated energy
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range, all the photostimulable centers created as a result of the X-ray absorption
are expected to be conned to a thin surface layer on the IP. The path of the laser
beam used to read the stored information from the site of the X-ray irradiation
to the photostimulable centers is very short. This also minimizes broadening of
the stimulated intensity prole due to any bleaching eect. As a consequence, the
emitted light which is measured by the PMT, represents the X-ray information of
a narrower area of the IP, resulting in a higher resolution [93]. This is consistent
with the observation that the instrumental resolution was not inuenced by the
incident X-ray photon energy for the energy range studied (14:0 keV to 22:5 keV).
Crystal structure renement
Angular resolution and integrated intensities are parameters of most importance
for structure determination from powder diraction patterns. Standard powder
samples of Si (SRM 640c),   Al2O3, TiO2, ZnO, and Cr2O3, (SRM 676a) were
used to evaluate the suitability of the CIP detector data for crystal structure re-
nement. Sample powders were mounted in 0.2 mm glass capillaries and rotated
at 60 rpm, while XRD patterns were acquired in transmission geometry using
X-rays of wavelength 0.5631A. The S/N ratio was optimized without saturating
the detector by using attenuation lters, by optimizing exposure time and by av-
eraging multiple exposures. The GSAS software package [95] was used to model
the observed XRD patterns by the Rietveld method [62]. The starting crystal
structure for renement of each phase was based on ICDD (International Center
for Diraction Data, Newtown Square, PA, USA) or ICSD (International Crystal
Structure Database, NIST and Fachinformationszentrum Karlsruhe (FIZ), Ger-
many) les. In the case of Si, ICDD JCPDS number 04-007-8736 was used; and
ICSD numbers 88028, 36412, 94002, and 75577 were used for    Al2O3, TiO2,
ZnO, and Cr2O3, respectively. Table 2.3 compares the experimentally rened lat-
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tice constants for each standard phase with the NIST-accepted values, and the
residual factors from the Rietveld tting are also included. These values are in
good agreement with the lattice constant values for all the standard samples.
Table 2.3: Experimentally measured lattice constants for several X-ray powder
diraction standard reference materials.
a(A )  c(A )  Rp
  Al2O3 NIST 4.759397 0.000080 12.992379 0.000220
Present study 4.759334 0.000004 12.992232 0.000019 3.66
ZnO NIST 3.249074 0.000055 5.206535 0.000101
Present study 3.249074 0.000003 5.206535 0.000009 6.82
TiO2 NIST 4.593939 0.000062 2.958862 0.000063
Present study 4.593870 0.000007 2.958872 0.000092 3.91
Cr2O3 NIST 4.959610 0.000079 13.597470 0.000250
Present study 4.959610 0.000006 13.598314 0.000025 5.35
Si NIST 5.4311946 0.0000092
Present study 5.4311470 0.0000050 8.27
Figure 2.8 shows the Rietveld renement results on the SRM 640c standard.
The quality of t is excellent when the experimental and simulated patterns are
compared, as demonstrated in the dierence pattern included in the gure. How-
ever, the residual for the tted prole, which quanties the goodness of t, were
somewhat larger than desired. The data could only be rened to obtain Rp val-
ues of 8.27 (and Rwp of 11.01). Besides possible errors in precise positioning of
the capillary, it is believed that the inability to accurately model the background
was responsible for higher residual values. The Si sample, unlike other standard
samples used in this study, was exposed for only 15 seconds and the diraction
data was averaged over only six separate exposures to obtain the dataset used for
Rietveld renement (Note: XRD data from up to ten exposures was averaged for
other standard samples).
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Detection of minor phases
The linearity in response of the CIP detector to incident photon ux had high-
lighted the independence of the detector response for dierent regions on the CIP
detector. This aspect was further explored as a tool for quantitative determination
of minor/trace phase content in a multiphase mixture. For this purpose, a mixture
of two standard powders was prepared and comprised of 1 wt% Cr2O3+99wt%
TiO2. Both the powders were standard reference materials (SRM674a) and their
choice was primarily inuenced by their similar scattering properties. The pow-
der mixture was mounted in a 0.2 mm capillary and XRD patterns were collected
for increasing amounts of exposure time using X-rays of wavelength 0:7006A
( 17:7 keV). Small segments of the acquired XRD patterns are presented in
Figure 2.9 for exposure times ranging from 60 s to 240 s. As exposure time was
increased, the higher intensity peaks of the major phase (TiO2) were saturated,
and showed a plateau feature. However, the minor phase peaks, which were im-
mersed in the background for the 60 s exposure, increasingly become apparent
at larger exposure times. The phase content was also quantitatively analyzed
by whole pattern renement routines using JADE software (MDI, Inc., Liver-
more, CA). The saturated portion of the XRD spectrum was masked during this
analysis. The results are included in the inset in Figure 2.9, and demonstrate the
improved accuracy in quantitative analysis of minor phase content with increasing
exposure times.
Despite the saturation of certain diraction peaks in the XRD pattern collected
with the CIP detector, the position and the shapes of the unsaturated peaks were
not aected and intensity displayed a linear response to incident photon ux.
This characteristic of an IP detector is in contrast with gas-lled PSDs, which are
not only limited in their count rate but also in the linearity in response between
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dierent angular channels and angular position[96]. The lack of angular linearity
in the gas-lled proportional counter type of PSDs comes from the electronics and
the structure of the delay line of the detector[97]. The ability to saturate high
intensity peaks to extract minor phase information is a very useful characteristic
of the CIP detector which is a very useful tool for several types of materials science
investigations.
High temperature x-ray diraction
The CIP detector has been developed for time-ecient XRD measurements with
high resolution which are suitable for structural renement. The CIP detector
was primarily designed for, and has been used with the QLF in order to conduct
rapid HTXRD experiments to study thermal expansions, phase transformations,
phase diagrams and kinetics of high temperature processes[49, 58, 60, 59]. The
use of QLF for HTXRD investigations on ceramic materials up to 2000C in air
has already been successfully demonstrated[58, 56]. In this chapter the use of
the combined CIP and QLF conguration to study the crystallization kinetics
of Cs-based geopolymer powders, is presented as an example of the HTXRD in-
vestigations. Geopolymers are a new class of aluminosilicate materials and are
best understood as X-ray amorphous, inorganic, rigid hydrated gels, which are
charge-balanced by group I cations such as Na+1, K+1, or Cs+1[98]. Upon heat-
ing, the Cs-based geopolymeric phase transforms into crystalline pollucite, which
is a refractory material (Tmelt > 1900
C) displaying low thermal expansion char-
acteristics and phase stability up to 1500C [98]. HTXRD patterns were collected
using powder samples of Cs-based geopolymer mounted in a 0.2mm quartz cap-
illary (Glas, W. Muller, Schonwalde, Germany) and were normalized for incident
photon ux. The powder specimen had 4 wt% of Pt powder mixed in it to serve
both as an internal standard and as an internal thermometer. Prior treatment
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had involved heating of the powder mixture to  700C to expel any water and
to grow the crystallite size of the Pt phase. All the experiments were conducted
using 22.5 keV ( = 0:5508A) incident X-radiation in Debye-Scherrer geometry.
Since the QLF is capable of heating samples at very fast rates, the desired temper-
ature could be reached within 2 minutes, and successive HTXRD patterns were
acquired under isothermal conditions for over 30 minutes. Individual diraction
patterns could be acquired with a time resolution of approximately 120 seconds.
Experiments were repeated for six dierent temperatures for dierent durations
to determine the extent of crystallization starting from the amorphous geopoly-
mer phase. The XRD patterns were normalized for incident photon ux and were
analyzed by whole pattern tting techniques[62] using the JADE software (MDI,
Inc., Livermore, CA) to extract the crystallographic information. The results will
be presented as a separate publication.
An example of this isothermal kinetic study conducted at 1125 5C is shown
as a series of HTXRD patterns in Figure 2.10. Only a small 2 range is included to
show the changes that occurred as the sample was crystallized. The 0 s scan was
collected at 904C while the 17 s scan was at 1117C . Quantitative analysis con-
ducted at 1125 5C conrmed the progress of crystallization and approximately
69% conversion to crystalline pollucite phase was observed in 1853 s. Using this
approach, parameters such as activation energy for the crystallization process can
be determined. However, for successful dynamic studies, the use of high speed,
high resolution detectors that are capable of simultaneous acquisition of XRD
data over a wide angular range is critical [99].
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(a) linearity of the detector response
(b) resolution of the detector
Figure 2.4: Addition of two readings from a single exposure of the CIP detector
does not compromise (a) linearity of the detector response or (b) resolution of
the detector.
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Figure 2.5: Comparison of FWHM measured using the LaB6 standard for
dierent capillary sizes, at the same incident wavelength.
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(a) Linearity
(b) No loss in resolution
Figure 2.6: The performance of the CIP detector over a wide range of incident I0
at constant energy is (a) linear and (b) without any loss in resolution.
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Figure 2.7: The CIP detector can be operated over a wide range of incident
energy with comparable resolution. Data from an analyzer is presented for
comparison.
Figure 2.8: Rietveld renement of the Si (SRM640c) powder standard.
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Figure 2.9: Quantitative determination of minor phase present in a multiphase
mixture by incremental saturation the high intensity peaks.
Figure 2.10: Crystallization of amorphous Cs-geopolymer to pollucite, observed
in-situ at 1125 5C. Evolution of crystalline phase content was observed with
a time resolution of  2 min. Only a subset of the HTXRD patterns acquired is
shown.
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CHAPTER 3
FIXED INCIDENT ANGLE REFLECTION
GEOMETRY
3.1 Introduction
Time resolved, in situ powder diraction has become a powerful tool for inves-
tigating the fundamentals of how a material behaves in its environment on a
crystallographic level. These experiments rely on fast x-ray detectors that have
angular resolution to resolve all the phases present over a wide angular range.
The combination of analyzer crystals and synchrotron radiation oers the best
scattering angle resolution, but these systems are limited in temporal resolution.
Even multi analyzer systems, though much faster, lack the ability to collect an
entire x-ray pattern with scattering angle independent of time.[64] This need has
often led to the use of curved position sensitive (CPS) detectors. The one dimen-
tional nature of these detectors allows for quick collection and readout of powder
x-ray scattering data over a wide angular range without compromising on count-
ing statistics. In recent years the scattering angle resolution of position sensitive
detectors, linear or curved, has become competitive with that of analyzer crystal
systems.[100, 73, 101]
Most studies using CPS detectors are conducted in Debye-Scherrer transmission
geometry, and the data is collected simultaneously over a wide scattering angle
range. There are several reasons why this geometry may not be possible for certain
experiments, such as:
 when transmission of x-rays through the sample is limited by absorption
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 high temperature experiments where the sample may react with the capillary
 studies involving a reaction between a powder sample and its surrounding
environment
 samples comprised of a lm on a substrate
When transmission geometry is not possible it is convenient to use a reection
geometry. The typical geometry used is Bragg-Brentano, however CPS detectors
are incapable of this geometry. In Bragg-Brentano geometry (also known as  2
geometry) the sample is rotated as data is collected such that the angle between
the incident beam and the sample surface is half the scattering angle, which
results in a constant sampling volume. Since CPS detectors collect data at many
scattering angles at once, it is desirable that the sample is positioned at a xed
incident angle to the x-ray beam throughout the data collection process. Fixed
incident angle reection (also referred to as reection Debye-Scherrer geometry)
results in a distorted diraction pattern with asymmetric peaks. In the past
researchers have found little eect of this geometry on peak location or shape
[102, 103, 104], however, all of these studies were done using Cu-K1 radiation
and low resolution detectors, and thus had little eect of sample transparency. As
CPS detectors become more advanced and improve in scattering angle resolution,
the eects of xed incident angle reection geometry on powder diraction peaks
becomes more evident. Current CPS detector technology has reached such a
point where xed incident angle reection geometry must be readdressed to fully
understand its eect on powder x-ray diraction patterns. In this study, a state of
the art, high resolution CPS detector [100] was used in combination with parallel
beam synchrotron radiation in order to evaluate the true eect of the geometry
on peak shape and location, as well as the eect of sample displacement.
Over time, many researches have studied the implications of having a xed
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incident angle for reection geometry. James[105] derived the eect of a xed in-
cident angle on the intensity of a peak, which was later conrmed experimentally
by Toraya, et al.[103] and Rafterty and Vogel[106]. Masson et al.[102] performed
a thorough study of the eect of xed incident angle reection on peak location
as well as the eects of sample displacement for this geometry. It was concluded
that the major eect on peak location was from sample displacement and not from
transparency. Earlier this year Pramanick, et al. [104] made use of this geometry
in a modied technique to determine lattice parameters. As synchrotron radia-
tion and higher energy x-rays become readily available, the sample transparency
becomes more relevant when using xed incident angle reection geometry. The
recent improvements in many CPS detectors in scattering angle resolution now
mandate reevaluation of the eects of xed incident angle refection geometry
on powder x-ray diraction patterns. The objective of the current work was to
present an in-depth analysis of the eects of xed incident angle reection on pow-
der x-ray diraction patterns. The cause of peak shift, intensity and shape change
were examined and the corrections necessary for various samples and instrumen-
tation are discussed. A complete understanding of this geometry will enable an
experimenter to make educated decisions on when to use the relevant corrections.
3.2 Theory
Fixed incident angle reection diraction (see Figure 3.1) consists of a at sample
tilted at an angle towards the incident beam. A perfectly aligned sample has
its center of rotation at the center of a curved detector which coincides with the
center of the x-ray beam (point C in Figure 3.1). The surface of the sample
should be parallel to the beam with half of the width of the beam above the
sample when the incident angle, , is zero. When the sample is tilted, the entire
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incident beam should intersect its surface, i.e., the x-ray beam footprint should not
extend beyond the sample. The x-ray beam penetrates the sample some distance
as dictated by the sample absorption coecient, . For a distance, x, traveled
through the sample, the intensity of x-rays is reduced by exp x=. As x-rays
which penetrate deeper into the sample illuminate sample volumes that are further
from the center of rotation of the sample, diraction occurs further from the center
of the detector circle. This is recorded as a movement of the diraction peak
centroid to lower scattering angles by the detector. The x-rays are also subject to
absorption after diraction. In xed incident angle geometry the distance traveled
through the sample after diraction is dependent on the scattering angle, 2,
and thus so is the absorption. The equations for peak shape, displacement and
broadening as a result of xed incident angle reection are provided or derived
in the following sections. Convoluting various eects representative of an x-ray
geometry to analyze diraction peaks has been investigated previously in the eld
of x-ray diraction.[107, 108]
3.2.1 Peak Intensity
The eect of xed incident angle reection geometry on diracted peak inten-
sity was derived by James[105], by assuming an innitely thick sample made of
slabs oriented parallel to the sample surface. By integrating over every slab and
taking into account the x-ray transparency, the intensity of a reection was de-
duced. When taken as a ratio of the intensity of the same peak in Bragg-Brentano
geometry, it is given by
Rasym =
2
1 + sin
sin
(3.1)
where  is the incident angle between the sample surface and  is 2   , the
dierence between the scattering angle and the incident angle. This intensity ratio
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Figure 3.1: A schematic drawing of xed incident angle reection geometry,
showing the eects of transparency, beam height and sample displacement (not
drawn to scale). Relevant parameters shown here include the incident angle, ,
the sample to detector distance, rd, the incident beam height, b, and the sample
displacement, s. The relative amount of diracted x-rays that intersect the
detector are quantied as a function of ", the angular distance from the
diraction angle, 2.
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assumes no receiving slit or analyzer crystal as is the case with a CPS detector.
For the relevant correction when a receiving slit is used see Toraya, et al.[103].
3.2.2 Peak Shape
The eect of transparency on the shape of a peak was derived by Masson, et
al.[102] by assuming a at, innitely thick sample with an incident beam treated
as a ray. The resulting prole after normalization is an exponential function which
depends on the change in scattering angle from the angle of reection, ".
f(") =
1
(2; )
exp[
"
(2; )
]; "  0 (3.2)
where (2; ) = 180
rd(cot+tan )
,  is the x-ray absorption coecient and rd is the
sample to detector distance.
The peak shape is also aected by the x-ray beam height. Though this is true
in most geometries, at least when the beam is smaller than the sample, it gener-
ally inuences the peak size, while the shape remains otherwise constant. When
using xed incident angle geometry the beam height aects the peaks dierently
depending on the scattering angle. This is because from the vantage point of the
detector, the illuminated sample surface has a width that depends on 2, or more
directly on . This eect can be quantied assuming a parallel, incident x-ray
beam of uniform intensity with a height, b. The normalized function describing
this eect is a square function with magnitude given by
f(") =
1
'(2; )
;
 1
2
'(2; )  "  1
2
'(2; ) (3.3)
where '(2; ) = 180b sin
rd sin
Convolution of the eect of transparency and the eect of incident beam height
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denes the overall shape eect of xed incident angle refection diraction on a
single diraction peak. Since the eect of beam height is a square function, this
is equivalent to taking the moving average of the eect of transparency with a
window of width '(2; ), resulting in the following point spread function:
f(") =
8>>>><>>>>:
0 " > 1
2
'(2; )
1
'(2;)
(1  exp "  12'(2;)
(2;)
) 1
2
'(2; ) > " >  1
2
'(2; )
1
'(2;)
(1  exp  '(2;)
(2;)
) exp
"+ 1
2
'(2;)
(2;)
" <  1
2
'(2; )
(3.4)
The above function has the characteristics of both the two eects. If the x-ray
beam height is decreased to an innitesimal ray, the function becomes an expo-
nential decay. On the other hand, if the absorption parameter is increased, thus
decreasing transparency, the point spread function becomes more square. Figure
3.2 shows the eect of these two variables on the resultant point spread func-
tion. When calculating the expected peak shape this point spread function can
be convoluted with other eects to yield the nal expected peak. It is important
to note that the point spread function's dependency on scattering angle, though
signicant, is not strong. This makes calculating a single point spread function to
convolute with each peak appropriate, since the change in the function will not
be signicant as it moves from low to high 2 for a single peak.
3.2.3 Sample Positioning
From Klug and Alexander's work on the eect of sample displacement on peak
location,[107] Masson et al. have derived the change in peak location caused
by changing the incident angle of a displaced sample, which was later used by
Pramanick, et al. in a method to extrapolate lattice parameters.[104] As shown
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Figure 3.2: Normalized point spread function describing the eects of xed
incident angle reection geometry. Unless specied otherwise, the parameters
are as follows: incident angle,  = 10; scattering angle, 2 = 30; x-ray beam
height, b = 0:25mm ; sample absorption coecient,  = 2mm 1 ; and sample to
detector distance of 1045mm .
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in Figure 3.1, sample displacement, s, results in relocation of the intersection of
the center of the incident beam and the sample surface from the center of the
curved detector, C, to C 0. If the distance between C and C 0 is small compared to
the sample to detector distance, rd, the curvature of the detector can be assumed
negligible. The change in peak location,  (2; ), due to a sample displacement,
s, perpendicular to the surface of the sample is given by
 (2; ) =
 180s sin 2
rd sin
(3.5)
Sample misalignment is not exclusive to translations in the sample location in
this geometry, as it can also be a result of inaccurate sample tilt. The zero error
in sample tilt, 0, can cause peak movement due to inaccuracy in calculation of
the transparency eect and sample displacement eect,
2 = (2;  + 0)  (2; ) +  (2;  + 0)   (2; ) (3.6)
Eects of sample tilt become important when the sample is rocked over a small
angular range, to eectively give a more random distribution of crystallite orien-
tation.
3.3 Experimental and Analytical Methods
Standard reference materials (SRM), from the National Institute of Standards
and Technology (NIST,Gaithersburg, MD, USA) were used to experimentally ob-
serve the eect of xed incident angle reection on x-ray diraction peaks. Silicon
(Si ), SRM 640c, was selected for its low x-ray absorption in comparison to other
standards. This permitted careful evaluation of sample transparency on the asso-
ciated peak shape and location. Due to the high penetration depth of x-rays on
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the Si sample a large sample holder was constructed using aluminum metal. The
sample holder was rectangular, with dimensions: 30 mm x 6 mm x 3 mm (depth
x width x height). In contrast lanthanum hexaboride (LaB6), SRM 660a, was
selected for its relatively high x-ray absorption. The sample holder for LaB6 was
a sectioned tube of aluminum oxide with a 3mm inner diameter and a length of
8mm .
3.3.1 Synchrotron X-ray Diraction Experiments
Experiments were conducted at the sector 33 bending magnet beamline in hutch
33BM-C at the Advanced Photon Source, Argonne National Laboratory, Argonne,
IL, USA. This beamline has superb optics [109] and is also equipped with the high
resolution curved image plate (CIP) detector. This detector has a sample to de-
tector distance of 104:5 cm , a 40 range and a pixel size of  0:00095, allowing for
peak resolutions of 0:008 full width at half the peak maximum, which was deter-
mined using a LaB6 powder (SRM 660a) sample mounted in a 0:1mm diameter
capillary. [100] Each powder sample was studied in Debye-Scherrer transmission
geometry using both the CIP detector and a Si (111) analyzer detector. Reection
geometry experiments were carried out with various xed incident angles, 4, 6, 8,
10, and 12 using the CIP detector. The LaB6 sample was rocked 0:5, while
the Si sample was kept stationary, at each incident angle. The reasoning for this
is discussed later in section 3.4.1. The x-ray wavelength used was similar for both
samples, i.e., 0.58994 and 0.55063 A for Si and LaB6, respectively. This wave-
length was determined using a LaB6 standard, SRM 660a, sample with a detector
equipped with a Si (111) analyzer crystal in transmission geometry. To keep the
incident x-ray beam as parallel as possible the incident slits were placed close to
the sample, 40 cm , compared to the distance between the sample and the double
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crystal monochromator, 30m . The beam was not focused in the vertical direction.
For transmission experiments the samples were mounted in 0:2mm glass capillar-
ies (Glas, W. Muller, Schonwalde, Germany), rotated at about 60 r.p.m., and
experiments were conducted using a 0:2mm (H)  1mm (W) incident beam. For
Si reection experiments the incident slits were set to 0:3mm (H)  1mm (W),
while for LaB6 experiments, the smaller sample holder required the incident slits
to be reduced to 0:1mm (H)  1mm (W). The high intensity of the synchrotron
source was responsible for producing adequate scattering, even though signicant
cross-section of the beam was reduced using the slits. The diraction data was
corrected for extraneous scattering as a result of the reading process [110], which
primarily aected the base of the peaks. This was done by assuming the scatter-
ing eect was characterized by a convolution of 25% of the intensity of the data,
and a Gaussian function with full width at half maximum of 0:35.
3.3.2 Analytical Methods
Preliminary analysis of the data was performed by examining the eect of xed
incident angle reection geometry on (a) the integrated intensities, (b) the location
of the peak centroid, and (c) the total variance of the peak. After subtracting
the background, the integrated intensity and the peak centroid were found by
numerically integrating the peak by the trapz method in MatlabTM. The variance,
2, of each peak was also found numerically by implementing the equation 2 =
h2i+0:2X
i=h2i 0:2
[pi(h2i   i)2] where h2i is the peak centroid. Parameters associated
with xed incident angle geometry were estimated and used to calculate expected
values for the peak intensity, location, and variance.
Fixed incident angle reection geometry is expected to be useful particularly
for high temperature powder diraction experiments. Therefore it was imperative
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that this functionality be incorporated within a structural renement program.
A prerequisite for such a program was open source code that could easily inte-
grate the functions and convolutions necessary to account for xed incident angle
reection geometry. The renement program XND, an implementation of the Ri-
etveld method [62], was identied for its open source C platform and its unique
ability to rene trends in parameters as a function of environmental variables (eg.
temperature, pressure). [111]
Calculated diraction patterns produced by a new routine in XND were used to
compare the actual data to the expected result, given the phenomenological eects
discussed in section 3.2. Many parameters are required to construct the theoretical
diraction patterns. Diraction patterns collected in transmission geometry with
a Si (111) analyzer crystal equipped detector were used as standards to determine
intrinsic peak resolution, unit cell parameters and temperature factors for each
sample. The values of parameters not involved in determining the calculated
diraction patterns collected in xed incident angle reection geometry were xed
to match those collected in transmission. The remaining parameters, with the
exception of an overall intensity scaling parameter, were measured or estimated
(see section 3.4). The measured parameters included, incident angle, beam height,
and sample to detector distance. The sample absorption was estimated due to
the uncertainty in packing density. The collected data was adjusted for sample
displacement which was determined using the procedure discussed in section 3.4.2.
Calculated patterns were adjusted only by the overall scaling factor to t the
collected data.
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3.4 Diraction Peak Analysis
The diraction data was analyzed to observe the eects of xed incident angle ge-
ometry on peak intensity, location, size, and shape. For this purpose the following
parameters, associated with this geometry, were estimated. The curved position
sensitive detector was carfully aligned, so the sample to detector distance, rd, was
1045mm . Due to the highly parallel nature of the incident beam and the small
distance between the sample and the incident slits, the slit height was considered
as a reasonable measure of the incident beam height (0:3mm and 0:1mm for
Si and LaB6, respectively).The sample absorption parameter for Si and LaB6 was
calculated for the x-ray energy used assuming a 50% packing density, 0.416 and
3.65 mm 1.[112]
3.4.1 Peak Intensity
The integrated intensities were found to follow the expected trend from equation
3.1. The data from Si (shown in Figure 3.3) follows the trend with noise levels in
peak intensities being independent of incident angle. LaB6, on the other hand,
had very large variations in peak intensity when the sample was not rocked. This
was believed to be a result of small sampling volume, so in a second round of
experiments the sample was rocked 0:5 during data collection. Even in the
second round the noise in the peak intensities appeared to be a function of incident
angle, but as seen in Figure 3.3, these intensities followed the trend in equation
3.1. At low incident angles the sampling volume is exclusively limited to the
surface. The substantial noise in intensity at low incident angles is expected to
be due to surface roughness eects.
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3.4.2 Peak Centroid Location
Deviation in the location of the peak centroid is caused by sample displacement
and sample transparency. As shown by Masson, et al.,[102] the sample displace-
ment can be determined from the peak centroid displacement between two dirac-
tion patterns exposed at dierent incident angles. By modifying this method to
include the change in , diraction patterns at multiple incident angles can be
taken into account. The change in peak centroid from pattern 1 to pattern 2,
with 2 > 1, as a function of sin 21(
1
sin2
  1
sin1
) can be linearly t with a zero
intercept. The resulting slope is 180s
rd
which can be solved for sample displacement.
As many pairs of diraction patterns as were collected at dierent incident angles
should be included before tting to reduce error. In Figure 3.4 this method is
shown for the standards studied. The expected sample displacement was 365 8
and 43  2m estimated with 95% condence for Si and LaB6, respectively. An
improvement to this method can be made by including the eect of transparency,
where the change in peak centroid should be corrected by (2; 2)   (2; 1).
This correction requires that reasonable estimations for  be made. When this
correction is made, the sample displacement was calculated to be 289  5 and
373 m for Si and LaB6, respectively. As expected, the calculated displacement
for Si changes signicantly when transparency is taken into consideration.
3.4.3 Peak Variance
The second central moment of the peak, the peak variance, is aected by the
sample transparency as well as the projected x-ray beam height onto the detec-
tor. The theoretical peak variance of several eects that are convoluted together
is equal to the sum of the variances of those eects. Therefore we can gain infor-
mation about the variance of each of the eects by examining the total variance.
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Theoretical variance can be calculated by 2 =
Z 1
 1
f(")(hf(")i   ")2d", where
f(") comes from one of the point spread functions, equations 3.2, 3.3, and 3.4.
The variances associated with transparency and beam height eects are (2; )2
and 1
12
'(2; )2, respectively. Figure 3.5 displays the theoretical variance ex-
pected with xed incident angle geometry for each diraction experiment with
the standard reference materials. The theoretical variances were calculated using
the parameters given in section 3.4 above.
The variance determined numerically for the data from each xed incident angle
geometry experiment is represented along side the theoretical predictions in Figure
3.5 for comparison. The variance of peaks due to beamline optics and the eects of
the sample (e.g. due to strains, particle size) were accounted for by subtracting the
variance of peaks aquired with a detector equipped with a Si (111) analyzer crystal
using the same samples in transmission geometry. This method does not remove
eects of the detector resolution and signal to noise ratio on the numerically
calculated variance. These eects are expected to be small and assumed to be
negligible. To be certain this is the case, the variance of the peaks acquired in
transmission geometry using the CIP detector was also used to account for eects
not associated with xed incident angle reection geometry, and was found to not
eect any of the conclusions of this paper.
The peaks from the xed incident angle geometry data from the Si sample t
well with the expected model. As the incident angle decreases, the variance in-
creases as is modeled in the theoretical variance curve in Figure 3.2. The precision
of the theoretical variance further indicates that the estimated values for sample
absorption and x-ray beam height are reasonable. Even though the LaB6 peaks
showed a similar trend to the theoretical variance, the data exhibited large uc-
tuations. Overall, the LaB6 data had much smaller variance due to absorption
as well as due to smaller beam size in comparison to Si . Although the trend ob-
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served in the variance of the LaB6 peaks was as expected, the experimental data
showed larger variance than the theoretical values. One possible reason for this
could be the reduced intrinsic variance in the transmission data used to account
for the intrinsic eects of the beamline optics and sample eects of the variance.
Comparison of variances in LaB6 and Si datasets (Figure 3.5) establishes that
highly absorbing samples using a small beam size results in negligible increase in
peak variance, and thus peak width. In the case of less absorbing, or transparent,
samples, however, these eects of xed incident angle reection geometry must
be considered.
It is useful to examine the contribution of each component of the variance to
the total variance of a peak. Each component of the theoretical variance, due to
transparency and x-ray beam height, has been combined with the intrinsic vari-
ance, approximated with the transmission data, to approximate the total variance
of a peak. To further illustrate the contribution of each eect, each component
of the variance (intrinsic, that due to beam height and that due to transparency)
were normalized by the total variance so as to give the percent contribution of
each eect (shown in Figure 3.6). This gure demarcates the dierent regimes of
the data collected for each standard. The total variance of the Si peaks is clearly
dominated by transparency eects, however the LaB6 peaks have no clear domi-
nance. At low angles the LaB6 peaks are dominated by intrinsic variance, while at
higher angles there are approximately equal contributions from beam height and
transparency variance, with a non-negligible contribution from intrinsic eects.
This indicates that the rate of peak broadening as a function of 2 due to intrin-
sic eects, as in a Caglioti-like relation [90] for variance, is less than broadening
due to transparency eects described by (2; )2. For x-ray data acquired with
a lower xed incident angle the x-ray beam height played a signicant role in the
variance, while, when the incident angle was larger, that eect became negligible.
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3.4.4 Peak Shape
The qualitative ability of the function to t the peak is as important as the
quantitative ttings discussed above. The calculated pattern was plotted along
with the data in Figure 3.7 to examine if the shape was qualitatively the same.
The only parameter that has been adjusted or rened is the scale factor of the
entire calculated pattern, where all other values were used directly from the tting
of transmission data using a Si (111) analyzer equipped detector or from the
estimated parameters discussed in section 3.4. As can be seen clearly in the case
of the Si data, the correction for sample transparency ts the strongly asymmetric
peak shapes produced by this phenomenon very well.
The low transparency in the LaB6 sample makes the eects of xed incident
angle geometry less clear. Even though the sample was rocked, there is still some
unexpected variation in peak height. The LaB6 peaks were reasonably symmetric
and this illustrates an advantage of using highly absorbing samples in xed inci-
dent angle geometry. Any asymmetry observed (such as in the case with the peak
at 35:4) was due to a low incident angle. Therefore, it is important to select the
highest useable incident angle for the sample being studied, if peak asymmetry
in the data acquired is to be avoided, or is not desirable. In the absence of any
asymmetry due to xed incident angle geometry, the collected datasets can be
analyzed using most crystallographic renement software.
The LaB6 data also underscores the strong eect which the sample displacement
has on peak location. Even after correcting for the sample displacement in section
3.4.2, there are still some peak displacements that increase with incident angle.
This is a hallmark of a sample displacement problem. Rening only the sample
displacement value to t patterns at all incident angles yields 2922 and 31:00:5
m for Si and LaB6, respectively. The change in displacement for Si was much less
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obvious due to the larger peak widths.
3.5 Guidelines for Fixed Incident Angle Reection
Geometry
As has been shown in the previous sections, depending on the sample and the
experimental congurations, correcting for xed incident angle geometry can be
crucial. The following sections are intended to serve as a guide to distinguish
when each correction should be made.
The following three circumstances will be considered (for other cases see section
3.5.4):
Case A The resolution of the x-ray optics is overriding and the peak shape is
insignicantly aected by xed incident angle geometry
Case B The width of the beam projected onto the detector dominates the con-
tributions to peak shape and width
Case C The transparency of the sample has the most inuence on the peak
shape, and it aects the peak location and width as well.
In order to determine which of these three categories an experiment is in, it
is useful to compare the variances of the dierent eects involved. Unless the
variance of the intrinsic resolution of an x-ray source is already known, it can be
approximated by a normal distribution. The full width at half maximum (FWHM)
can be related to the variance of a Gaussian distribution. The FWHM possible
is readily available or can be determined experimentally, as done in this work,
using a standard sample in transmission geometry with a detector equipped with
a Si (111) analyzer crystal. It is important to take into account the contribution
of the detector if it is signicant to the intrinsic variance. If the detector, used for
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reection geometry experiments, causes peak spreading signicant to the eect of
x-ray source optics, it should be added to the intrinsic variance.
2Gauss =
FWHM2
8 ln 2
(3.7)
If 2Gauss is much greater than (2; )
2 + 1
12
'(2; )2 the overall experimental
resolution is limited by the x-ray source optics or by the resolution of the detector.
In such a case, transparency and beam height eects on peak location and peak
width can be ignored. When the experiment is not limited by intrinsic factors
(i.e. (2; )2+ 1
12
'(2; )2  2Gauss) the eects of transparency and beam height
need to be considered. The ratio of variance due to transparency and the variance
due to beam height can be simplied to 2
p
3 sin () cos ()
b cos ( ) . If this fraction is much
greater than unity the experimental resolution is limited by transparency, while
if it is much less than unity the limitation is beam height.
3.5.1 Case A: Optics Resolution Limited
If the experimental resolution is satisfactory, there is no reason for the exper-
imenter to seek out a higher resolution apparatus. The data will need to be
corrected for intensity, using equation 3.1. The largest error in peak location will
be from sample displacement. This should be corrected by rst estimating sam-
ple displacement using the method discussed in section 3.4.2 and then using it
as a starting value to rene a more accurate sample displacement value. When
estimating the sample displacement in case A, sample transparency eects can be
ignored, as the change in peak location due to sample transparency is signicantly
smaller than the peak width. In this case the sample displacement can be deter-
mined without taking into account the absorption parameter, . The limitations
encountered due to lack of random orientation of crystallites in case A can be
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suitably addressed by increasing the beam height. If the beam height cannot be
adjusted or the sample is too small for a larger beam height, it is reasonable to
rock the sample. Assuming the sample is rocked by  < 2 or  < 10%,
whichever range is smaller, (2; +)  (2; ) should be much less than the
peak width. Therefore, the error in peak location (as given by equation 3.6) will
be due to error in sample displacement determination,  (2;  + 0)    (2; ).
This should be minimized by taking care to reduce the sample displacement be-
fore conducting the experiment. After the corrections have been made to the
experimental data, any Rietveld renement software can be used to rene the
sample structure using Bragg-Brentano geometry, after correcting for intensity
and sample displacement.
3.5.2 Case B: Incident Beam Height Limited
The experimental resolution can be improved easily if the limitation is the beam
height, because the beam height is most commonly adjustable. Reducing the
beam height comes at the cost of smaller sample volume and reduced incident
x-ray beam intensity. Another option is to increase the incident angle which will
decrease the projected height of the beam onto the detector, thus improving the
resolution. Of course this is limited to adjusting the incident angle to the lowest
scattering angle of interest. Smaller incident angles are more prone to error in
sample displacement, but allow for a larger useful scattering angle range. So it
is advisable to use the largest reasonable incident angle that allows all peaks of
interest to be utilized. As a rule of thumb it is recommended that the incident
angle be kept below two thirds of the lowest scattering angle of interest. The ex-
perimental data will require corrections in intensity and for sample displacement.
These can be performed as discussed for the detector resolution limiting case, in
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section 3.5.1. Sample rocking can be done to improve randomness of orientation
of the powder, but this will induce some error in the peak width and height due
to the varying projected height of the beam on the detector. As in the case A
scenario, the sample displacement should be minimized before data collection if
the sample is rocked. Once corrected for intensity and sample displacement, this
data can be used in structural renement by most Rietveld renement software
that handle Bragg-Brentano geometry, though it may be useful to use a software
that takes into account the projected beam height, such as XND.
3.5.3 Case C: Sample Transparency Limited
When sample transparency is limiting the experimental resolution there is little
improvement that can be made (for more on this see section 3.5.4). Software
to analyze data from a transmission geometry experiment is commonplace, while
XND is the only software that can account for the large transparency eect of the
sample in xed incident angle reection geometry. If it is possible to conduct the
experiment in transmission geometry, given experimental constraints, data anal-
ysis will be simplied signicantly. For some experiments, reection geometry is
the only possibility. In such a case, the only ways to increase the sample absorp-
tion is to increase the packing fraction of the powder or to add a second phase that
has a higher absorption. Correction for intensity should be made using equation
3.1. The eect of transparency on peak location will be signicant. This should
be taken into account when estimating the sample displacement as explained in
section 3.4.2. If lack of random orientation in the powder is a problem, increasing
the x-ray beam height will increase the volume of the sample illuminated, if the
sample size is large enough. Rocking the sample may be problematic, as the peak
location will be signicantly inuenced by (2; +)  (2; ) from equation
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3.6. The radical changes that sample transparency has on the peak shape requires
that a structural renement software can convolute this shape (equation 3.2) with
other eects. This ability has been added to XND, as a result of this study, and
is freely available with this feature at ftp://ftp.grenoble.cnrs.fr/xnd/.
3.5.4 Other Considerations
Some experiments do not lie in any of the distinct realms of resolution limita-
tions discussed above. For such experiments two or three dierent eects make a
signicant contribution to the peak width and shape, as in the LaB6 studied for
this article (see Figure 3.6). A cautious experimenter trying to maximize the ex-
perimental resolution and accuracy would be wise to follow the recommendations
given for a sample transparency limited case, but in some circumstances this may
not be necessary.
Sample size can also play an important role in xed incident angle reection ge-
ometry, though it has not been discussed here in depth. It is especially important
for samples with high transparency, as the depth of the illuminated sample can
be quite large. If a large enough sample cannot be used, the correction for sample
shape will be changed. It is expected that shortening the eect of transparency,
by an amount determined by the sample size and the incident angle, before con-
voluting with the eect of beam height may be a sucient correction, though no
experimentation has been done to conrm this.
3.6 Concluding Remarks
Fixed incident angle reection is useful geometry to conduct a variety of x-ray
diraction experiments on polycrystalline samples. The growing popularity of
synchrotron sources and the availability of high resolution position sensitive de-
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tectors have emphasized the need to re-examine the important considerations for
xed incident angle reection geometry experiments. Sample transparency, x-ray
beam height projected on the sample, and sample displacement are three princi-
pal factors that can inuence the measured diracted peak intensity, peak shift
and peak shape. The eects of these factors were quantitatively analyzed over
a range of incident angles. The validity and application of necessary corrections
were experimentally conrmed using standard reference materials. Modications
to the method for determining sample displacement when sample transparency
eects are taken into consideration, have been suggested.
In addition, a scheme for classication of experimental resolution into three
regimes of limiting resolution, based on sample properties and experimental con-
guration, has been proposed. Furthermore, guidelines for experimenters to im-
prove experimental resolution as well as for accurate analysis of data collected in
xed incident angle reection geometry are provided. As a result, materials with
high or low transparency can now be studied using xed incident angle reection
geometry and all the eects associated with this geometry can be accounted for.
These modications have also been incorporated into an updated version of XND,
a freely available Rietveld renement software, for all experimenters.
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Figure 3.3: Numerically integrated intensities of xed incident angle geometry
experiments conducted on Si and LaB6 normalized by the integrated intensities
for the corresponding diraction peaks in transmission data. The corresponding
calculated intensity ratio is given as dictated by equation 3.1.
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Figure 3.4: The peak centroid shift is shown as a function of sin 2( 1
sin2
  1
sin1
)
for all combinations of paired diraction patterns with incident angles, 1 and
2. The calculated eect of transparency on the peak centroid is given
corresponding to each pair of patterns. The dierence between the two is t as a
method for estimating the actual sample displacement.
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Figure 3.5: The diraction peak variance numerically calculated from data taken
in xed incident angle geometry, less the variance of the same samples in
transmission geometry. Estimated parameters were used to calculate the
theoretical curves.
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Figure 3.6: Each contributing variance calculated as a percentage of the total
peak variance. The variance due to transparency and to beam height are as
predicted by (2; )2 and 1
2
'(2; )2, respectively. The intrinsic variance is
estimated by the total variance of the transmission data.
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Figure 3.7: Experimental data after correction for estimated sample
displacement and calculated patterns using only estimated parameters.
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CHAPTER 4
HIGH TEMPERATURE X-RAY
DIFFRACTION
4.1 Experimental Setup
In order to obtain any crystallographic information for HfO2 in the tetragonal
phase advanced instrumentation was needed and some novel procedures were used.
The major issues are the extremely high temperatures (> 1700C), the high x-
ray and neutron absorption of Hf and sensitivity of ZrO2 and HfO2 to oxygen
partial pressure. To overcome these challenges, signicant amounts of planning
and testing of new experimental techniques was required. In addition several
advanced pieces of equipment were purchased and developed. Combining these
instruments has allowed for unique experimental setups capable of observing the
crystal properties of ZrO2 and HfO2 at high resolution while still reaching above
transformation temperature of HfO2 to the tetragonal phase, in air.
4.1.1 Quadrupole Lamp Furnace
The rst challenge was to exceed the transformation temperature of HfO2 in air.
Most furnaces that reach these temperatures use elements that oxidize when ex-
posed to O2. A quadrupole lamp furnace (QLF) was chosen for its ability to reach
2050C in air.[55, 56, 57, 58, 59, 60, 61] The QLF is made up of a water-cooled
brass core with four elliptical lamps. The focus of each lamp lament is arranged
to overlap, such that the hot zone of the furnace is a cylinder (4mm  4mm).
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The shape and size of the furnaces hot zone has been throughly characterized by
Sarin et al.[58] The entry port for the x-ray beam is perpendicular to the face of
the disk-shaped hot zone. On the other side of the furnace is a slit that allows for
diracted x-rays from the sample to be scattered to a detector for up to 37 2.
Perpendicular to the direction of the beam there are 3 ports for accessing the hot
zone, one on top and on either of the two sides. Typically the sample is mounted
and inserted through a side port, and a thermocouple is inserted through the top
port. The thermocouple (Type R or B) is placed close to the sample, but is not
used to measure the temperature of the sample, as the large heat gradients in the
furnace would make this method of temperature measurement very inaccurate.
The thermocouple was used as a guide for control of the power to the lamps. The
lamps of the furnace are OSRAM Xenophot HLX64635 halogen infrared lamps.
Each lamp can operate at 15V and up to 150W. The lamps are cooled at the
neck by wrapped copper tubes containing chilled, owing water. The lamps emit
mostly infrared radiation with the largest spectral intensity being at 800 nm. The
spectral range of the lamps extends from approximately 500   2500 nm. The
temperature a sample can reach depends largely on its absorption of infrared ra-
diation. This makes the sample temperature dier largely from the thermocouple
used to control the furnace.
4.1.2 Curved Image Plate Detector
Quickly obtaining high resolution x-ray diraction patterns is important when
working at ultra high temperatures. To meet this need, a curved position sensitive
detector was decidedly the best solution. The curved detector is perpendicular
to scattered x-rays at all angles and each point on the detector is equidistant
from the sample, so less corrections are needed. A new one-dimensional detector,
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based on the OBI (Ortsfestauslesbarer Bildplattendetektor) detector from HASY-
LAB (Hamburg, Germany)[113], was developed for use at the Advanced Photon
Source (APS) at Argonne National Laboratory (ANL). This detector, unique in
its combination of high resolution and fast readout times, is known as the curved
image plate (CIP) detector.[100] A one dimensional detector was considered opti-
mal for powder diraction studies, since the data collection time can be reduced
signicantly from that of area image plate detectors and the mechanics are much
simpler. This large detector sits with its image plate lm 1045mm from the
sample. Once positioned, the detector can measure about 40 2. A total of
40900 pixels (2.4mm(W) x 0.025mm(H) ) are recorded along with the respective
position, which is known to greater than 1m accuracy.
The CIP detector was designed to operate at the 33 BM beamline at the APS.
The extensive characterization of its performance at this beamline has shown that
it is capable of measuring diraction peaks with < 0:008 full width at half the
maximum (FWHM) on a 100m diameter capillary sample. This resolution was
comparable to a point detector equipped with a Si (111) analyzer crystal on the
same beamline (about 0:004 FWHM). [100] This slight loss in resolution comes
with a 4 orders of magnitude decrease in readout time. The CIP detector is
capable of reading and erasing the image plate in under 20 seconds.
The beamline, 33 BM at APS, was chosen for its particularly good optics. In
addition, the bending magnet beamline allows for variable x-ray energy beams to
accommodate a variety of samples that have x-ray absorption edges at common
wavelengths. The CIP detector has been used at energies ranging from 14 to
22.5 keV. The x-ray optics of 33-BM are described by Zschack.[109]
The combination of high resolution, fast readout and simultaneous data collec-
tion across 40 2 makes the CIP detector ideal for high temperature diraction
studies on ZrO2 and HfO2. The high intensity, energy tunability and good optics
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of the 33-BM beamline at APS has all the features necessary in an x-ray source
to perform high resolution powder diraction studies.
4.2 Diraction Experiments
The high temperature diraction of ZrO2 and HfO2 has been carried out at both
the Advanced Photon Source (APS) at Argonne National Laboratory (ANL)
with additional experiments conducted at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory (BNL), using a silicon strip detector.[73]
Samples of ZrO2 and HfO2were acquired from Sigma-Aldrich, 99:95% pure on a
metal basis. Each powder sample was mixed with Pt powder and placed into a
sapphire capillary, produced by Saint-Gobain (Valley Forge, PA). These capillar-
ies are small enough (inner diameter of 600m100m) to allow for transmission
of x-rays through lightly packed HfO2 and can withstand temperatures of nearly
2000C. Several experimental runs were conducted by heating ZrO2 and HfO2,
separately, to a series of set temperatures and taking 1-3 x-ray diraction pat-
terns at each temperature. The temperatures reached pushed the limits of the
experimental equipment and as a result many of the experiments ended due to
burnt out lamps and broken thermocouples. In order to facilitate heating with
less stress on the lamps, strips of platinum ink were placed on the sapphire cap-
illaries close to the region exposed to x-rays. The platinum has high absorption
of the radiation output by the lamps, thus acting as an auxiliary heater, and al-
lowing higher temperatures to be reached. Despite this, several experiments were
able to be completed and a few of these were conducted with several diraction
patterns in the temperature range where both monoclinic and tetragonal phases
were present simultaneously. The powders were packed into the capillaries by thin
alumina tubes that were xed in place with yttria stabilized zirconia paste around
74
the outside. The hollow tubes allowed the sample access to air throughout the
experiment.The experiments were all conducted using x-rays between 17 and 23
keV, which provided sucient transmission through the sample, while still giving
excellent d-spacing range and resolution. Diraction from the sapphire capillary
was limited, but still required some small sections of the diraction pattern to
be removed. The temperature of the sample was determined from the diraction
of platinum, which was mixed into the sample at approximately 10 weight per-
cent. Once the sample surpassed the melting temperature of platinum (only in
the case of HfO2), the peaks from the sapphire capillaries were used to determine
the sample temperature. The relatively large wall thickness of the sapphire cap-
illaries caused the diraction peaks from the sapphire capillary to cover a larger
2 range than platinum peaks. This, combined with the lower thermal expansion
of sapphire compared to platinum, made the error in temperature determination
greater, once the platinum had melted or evaporated.
4.3 Data Analysis
The x-ray data acquired was analyzed using structural renement software, Jade
(Materials Data Incorporated, Livermore, CA, USA). The crystallographic data
was extracted using the Rietveld or Pauling renement methods[62, 114], to t
a structure to the diraction pattern while taking into account the geometry,
dispersion and temperature eects. The lattice parameters of each phase has
been extracted.
An algorithm has been developed, to describe thermal expansion as a function
of crystallographic direction and of temperature. This process involves rst de-
termining the accurate temperature for which each rened pattern was acquired.
The d-spacing of each diraction peak is associated with that peak's hkl direc-
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tion. The temperature dependent thermal expansion is then determined along
the direction of each hkl input, independently, by tting the expansion along that
hkl to equation 5.3. Then the thermal expansions of all directions determined are
aggregated for a single temperature. Using a least squares method and taking the
symmetry of the crystal into account the thermal expansion tensor for that tem-
perature is t. By repeating this procedure for a series of relevant temperatures
a progression of the thermal expansion tensor results. The signicant work put
into the development of this algorithm is has been generalized and constructed
as a computer program with a graphical user interface. The software, currently
known as the Coecient of Thermal Expansion Analysis Suite (or CTEAS) is in
its nal stages of development.
4.4 Results
4.4.1 X-ray Diraction
A sample of the high temperature diraction data acquired for ZrO2 and HfO2 is
shown in Figures 4.1 and 4.2, respectively. The gure shows a reduced range of
2 for a clear presentation of the peaks, however, usable x-ray data was collected
from 3 to 35 2 for all patterns. As can be seen in Figure 4.1 at around 142, the
sapphire peak was unavoidable, due to the low amount of scattering from HfO2.
This portion of the pattern was removed from the analysis. Several patterns were
collected at each temperature and combined to improve scattering statistics.
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Figure 4.1: High temperature x-ray diraction of HfO2mounted in a sapphire
capillary in air. From bottom to top, the patterns displayed were collected at
about 1000C up to 1820C and back down to about 900C, although the
temperature step size was not constant.
4.4.2 Lattice Parameters
Monoclinic Phase
The lattice parameters for the monoclinic phase of HfO2 and ZrO2 are given in
Figures 4.3 and 4.4, respectively, as a function of temperature. Even though
the unit cell lengths of the monoclinic phase are distinct in each direction, the
dierence is relatively small, ranging from 5:1A to 5:4A . The general trends
in the lattice parameters of ZrO2 are similar to that of HfO2. In both ceramics,
the largest changes can be seen in the c-axis, followed by the a-axis. The b-axis
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Figure 4.2: High temperature x-ray diraction of ZrO2mounted in a sapphire
capillary in air. From bottom to top, the patterns displayed were collected at
room temperature up to about 1550C and back down to room temperature,
although the temperature step size is not constant.
changes the least with temperature. The b-axis of ZrO2 changes very little within
a few hundred degrees of the transformation to tetragonal, while in HfO2 the b-
axis decreases in length above approximately 1000 C. As expected the lattice
parameters of ZrO2 are larger than for HfO2 at room temperature. While the 
angles of the room temperature ZrO2 and HfO2 are almost equivalent at room
temperature, the change in  from room to transformation temperature is much
larger in HfO2.
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Figure 4.3: Lattice parameters of the monoclinic phase of HfO2 as a function of
temperature in air.
Tetragonal Phase
The change in lattice parameters in the tetragonal phase is relatively simple when
compared to the monoclinic phase. The lattice parameters for the tetragonal phase
of HfO2 and ZrO2 are given in Figures 4.5 and 4.6, respectively, as a function of
temperature. The a-axis lattice parameter has been multiplied by
p
2 in order
to make the tetragonal phase equivalent to the monoclinic phase in number of
formula units per unit cell, i.e. Z = 4. Once adjusted the lattice parameters of
the tetragonal phase are in a similar range to that of the monoclinic cell.
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Figure 4.4: Lattice parameters of the monoclinic phase of ZrO2 as a function of
temperature in air.
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Figure 4.5: Lattice parameters of the tetragonal phase of HfO2 as a function of
temperature in air.
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Figure 4.6: Lattice parameters of the tetragonal phase of ZrO2 as a function of
temperature in air.
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CHAPTER 5
THERMAL EXPANSION OF HAFNIA AND
ZIRCONIA
5.1 Introduction
5.1.1 Motivation
In situ studies on high temperature ceramics can be a dicult task, but it is
important to understand the properties of a materials as they will behave in ap-
plication. Two technical ceramics, zirconia (ZrO2) and hafnia (HfO2), are known
for their similar behavior, and are important for several advanced applications.
ZrO2 is mostly used for its structural properties. The strengthening aorded by its
martensitic phase transformation has made it the material of choice in many high
temperature, structural applications. Other common applications include fuel cell
electrodes[1], thermal barrier coatings[11, 12], cutlery and jewelry. HfO2 is often
thought of as a higher temperature substitute for ZrO2. This is mostly due to the
similarities the chemical properties of these ceramics. HfO2 has other unrelated
uses such as in nuclear applications, due to its high neutron absorption. More
recently it has found use as a high-k dielectric materials and has replaced SiO2 as
the gate oxide in transistors, to obtain electronics with smaller feature sizes.
With so many advanced applications, there has been a very large drive to under-
stand the basic properties of these ceramics. Since many of the these applications
are for use at high, or extremely high, temperatures, and all of these applications
require processing at high temperatures, the thermal properties of these materials
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are especially important. Unfortunately, most studies on these materials have
been done ex situ or in inert atmosphere. This is understandable, since there are
not many furnaces that can reach the melting temperatures of these ceramics in
air. Many of the applications for these ceramics are due to their stability in air
and it is desirable to measure the properties in the environment the ceramic will
be used in. One major goal of this study is to perform in situ studies of ZrO2 and
HfO2 at temperatures exceeding 1800
C in air, to obtain the true thermal ex-
pansion of the material. This will provide a framework for how more properties
of these materials can be studied in air which will, hopefully, lead to a better
understanding of the performance of the material.
Studies done in inert atmosphere eect the properties measured. When heated
in inert atmosphere rather than air, increased concentration of oxygen vacancies
change the properties of the material.[1, 2, 3, 4] The sensitivity of ceramic prop-
erties to the atmosphere is not a new concept. In traditional ceramics the color
of a pottery glaze is often adjusted by changing the atmosphere in the ring kiln.
Just as a potter must run test tiles in the same atmosphere as his pottery, ce-
ramists need to study the properties of a ceramic in the same atmosphere as it is
to be used. Unfortunately this is not an easy task for ZrO2 and HfO2, which have
melting temperatures of 2680C and 2800C, respectively.
A common method for reporting the thermal expansion of a material is to
give the bulk value of thermal expansion. Although this method is elegant in
its simplicity, in crystals with less than cubic symmetry, it does little to depict
the types of changes that the crystal incurs as the temperature changes. A more
thorough approach is to give the expansion of the lattice parameters, but even this
does not fully portray the expansion of monoclinic and triclinic crystals. These low
symmetry crystals can have complex thermal expansions where the maximum and
minimum values of expansion do not necessarily lie along the lattice directions.
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ZrO2 and HfO2 have monoclinic symmetries and are thus best explained by more
thorough methods. This work will show that understanding the true nature of
the thermal expansion in ZrO2 and HfO2 is not possible by only examining their
lattice parameters. Furthermore, the exotic nature of thermal expansion of these
crystals will be related to their atomic arrangements in order to understand these
properties from a vantage point not previously explored.
5.1.2 Previous Work
There have been many studies on the thermal properties of ZrO2 and HfO2 in
the past. Curtis et al. did early in situ x-ray diraction studies on the high
temperature phases of ZrO2 and HfO2.[115] These experiments were performed
using an x-ray camera with Cu-K, while the sample was heated using tungsten
elements.[116] The thermal expansion of ZrO2 and HfO2were later measured by
x-ray diraction in 1961 by Grain and Campbell.[44] The rst in situ, high tem-
perature x-ray diraction to be done in air on ZrO2 and HfO2was performed by
Patil and Subbarao in 1969.[117] This work only reached 1400C, far below the
phase transformation form monoclinic to tetragonal in HfO2( 1700C).A few
years later Stacy et al. conducted a thorough x-ray study of the structure of
HfO2 through the monoclinic to tetragonal transformation to get the thermal ex-
pansion of both phases and the volume change at transformation. Unfortunately
this work too was done in a vacuum furnace.[8] The structure of HfO2was again
studied through the transformation in 1987 by Coutures and Coutures, where
these experiments were done in air up to 1500C, and then in a He-2%H atmo-
sphere to 2000C.[118]
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Objectives
The thermal expansion of ZrO2 and HfO2must be reexamined. The properties of
these ceramics are too important to be unmeasured in air. The extreme thermal
expansion of the monoclinic phases must be characterized in such a way that
there is complete understanding of how the bonds change as these crystals are
heated. This can be done by providing the temperature dependent thermal ex-
pansion tensor. The tetragonal phases of these materials warrant more accurated
characterization, as there is particularly little information on the tetragonal phase
of HfO2.
The major goal of this work is to report the thermal expansion of ZrO2 and
HfO2 . These properties are obtained in situ, in air and are given as a function
of temperature and crystallographic directions. The properties reported in this
work are to a higher precision and a higher temperature than has been obtained
previously in air. Additionally, the importance of expressing thermal expansion
in its tensor form is addressed. The impact of the crystal structure of the low
symmetry phases on the thermal expansion is discussed along with the unique
properties of these crystals.
5.2 Thermal Expansion Theory
5.2.1 Thermal Expansion of HfO2 and ZrO2
It is very common to describe the thermal expansion of a material by calculat-
ing the expansion of the lattice parameters of a crystal. For many systems this
method is satisfactory and describes the anisotropies in expansion that the crys-
tal exhibits. However, for systems of low symmetry (i.e. monoclinic or triclinic
symmetry crystals) the thermal expansion can be much more involved than just
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the expansion of the lattice parameters can describe. The thermal expansion of
a crystal is described fully by the thermal expansion tensor. This 2-dimensional
tensor relates a change in temperature to the strain of a crystal, Xi;j. In a three
dimensional system the 3 3 tensor has only 6 independent parameters because
of the inversion symmetry of thermal expansion, taking the form:
dXi;j
dT
=
0BBBB@
1;1 1;2 1;3
1;2 2;2 2;3
1;3 2;3 3;3
1CCCCA (5.1)
Tetragonal and Monoclinic Phases
The Neumann's principle requires that \the symmetry of any physical property of
a crystal must include the symmetry elements of the point group of that crystal".
[119] So the thermal expansion matrix will have all the symmetry elements of
the crystal. For a monoclinic system (with a 6= b 6= c and  6= 90) and for a
tetragonal system (with a = b 6= c) the respective thermal expansion tensors will
be given by:
monoclinic =
0BBBB@
1;1 0 1;3
0 2;2 0
1;3 0 3;3
1CCCCA ; tetragonal =
0BBBB@
1;1 0 0
0 1;1 0
0 0 3;3
1CCCCA (5.2)
In the tetragonal case, the 1;1 value will be equivalent to the thermal expansion
along the a and b lattice directions, this value will be constant in any direction in
the a-b plane. While the 3;3 value will be equal to the thermal expansion along
the c lattice direction. The larger of the 1;1 and 3;3 values will be equal to the
largest thermal expansion the crystal exhibits in any direction. The smaller of
the values will equal the smallest thermal expansion the crystal exhibits.
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It is not so simple in the monoclinic case. The axis with the highest symmetry,
the b lattice direction, will have thermal expansion described by the 2;2 value.
The a and c lattice directions cannot be described by any single value in the
thermal expansion tensor. The largest and smallest values of thermal expansion
the crystal exhibits will be equal to the largest and smallest eigenvalues of the
thermal expansion tensor. Although one of the eigenvectors of the tensor must be
along the b lattice direction, the other eigenvectors are only constrained to two
perpendicular directions in the a-c plane.
Temperature Dependence of Thermal Expansion
Additionally, it is important to recognize the temperature dependence of thermal
expansion when describing the properties of a crystal over a very large temperature
range. The thermal expansion along a single lattice direction perpendicular to a
plane dened by hkl, can be described by the polynomial function:
hkl [T ] = a0;hkl + a1;hkl(T   T0) + a2;hkl(T   T0)2::: (5.3)
where T is the temperature and T0 is a chosen reference temperature. To extract
the polynomial from diraction data the following denition of thermal expansion
is used:
hkl =
1
T
d dhkl
dT
=
d ln [dhkl]
dT
= a0;hkl + a1;hkl(T   T0) + a2;hkl(T   T0)2::: (5.4)
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By integrating the equation by dT , which is equal to d (T   T0), and subtracting
ln [dhkl [T0]], it can be shown that:
ln [dhkl [T ]]  ln [dhkl [T0]] = a0;hkl(T   T0) + a1;hkl 1
2
(T   T0)2 + a2;hkl 1
3
(T   T0)3:::
(5.5)
This allows for the coecients of temperature dependent thermal expansion to
be extracted by directly tting the results of x-ray diraction data. The process
was outlined in detail in a study on the eect of dopant concentration and type
on mullite thermal expansion.[60]
5.3 Monoclinic Phase
5.3.1 Thermal expansion tensor
The thermal expansion calculated for the monoclinic phase is highly anisotropic
for both ZrO2 and HfO2, as can be seen by examining the eigenvalues of the
thermal expansion matrix in Figure 5.1. The eigenvalues of the property ten-
sor represent rate of expansion in the directions of the extreme values. In both
ceramics the anisotropy of thermal expansion, ratio of maximum to minimum
eigenvalue, increases with temperature. Due to the symmetry of the thermal
monoclinic crystal, the b-axis is always an eigenvector of thermal expansion. In
the case of ZrO2 and HfO2, the b-axis is always the direction of minimum ther-
mal expansion. The minimum thermal expansion of ZrO2 is between 410 6C and
-210 6C . In the case of HfO2 the minimum thermal expansion is lower than in
ZrO2 , in the range of 210 6C to -410
 6
C . The other two eigenvectors of the ther-
mal expansion tensor lie perpendicular to the b-axis in the a-c plane. These, the
two largest eigenvectors, represent the minimum and maximum thermal expan-
sion within the a-c plane. The largest thermal expansion in ZrO2 ranges from
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1110 6C to 2510
 6
C as it completes its transformation to the tetragonal phase.
HfO2 has an even larger anisotropy at transformation, its maximum thermal ex-
pansion ranges from 810 6C near room temperature, to about 3210
 6
C at 1750
C,
during transformation. The minimum thermal expansion in the a-c plane for
ZrO2 and HfO2 are 210 6C to 710
 6
C and -110
 6
C to 810
 6
C , respectively. These
eigenvalues do not match the thermal expansion along the a and c directions of
the unit cell. The deviation of the extreme thermal expansions in the a-c plane
from the expansion along the lattice directions can be seen in Figure 5.2. This
dierence illustrates the importance of examining the properties of the thermal
expansion tensor rather than the changes in the lattice parameters.
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Figure 5.1: Eigenvalues of the thermal expansion tensor calculated for
monoclinic phases of ZrO2 and HfO2 as a function of temperature.
A useful way to gain qualitative understanding of the thermal expansion as a
function of crystallographic direction is to plot the property ellipsoid in spherical
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Figure 5.2: Thermal expansion of the lattice directions in monoclinic phases of
ZrO2 and HfO2 as a function of temperature.
coordinates. Figure 5.3 shows the thermal expansion ellipsoid surface for a few
dierent temperatures of both ZrO2 and HfO2. By convention, the orthogonal
x-y-z axis is chosen such that the z axis is parallel to the c-axis of the unit cell,
the y axis is parallel to the b-axis and x is perpendicular to the b-c plane. The
anisotropy in both oxides is clearly depicted by the shape of the ellipsoid. The
b-axis is constrained to be an extreme of thermal expansion due to symmetry,
but the ellipsoid is free to rotate around the b-axis. For this reason it is useful
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to view the a-c plane (the x-z plane of in orthogonal space). This plane is shown
for several temperatures in Figure 5.5. The direction of the eigenvectors in this
plane can be related to the crystal structure of the ceramic.
(a) ZrO2 at 250
C (b) ZrO2 at 1000C
(c) HfO2 at 100
C (d) HfO2 at 1600C
Figure 5.3: Spherical diagram displaying the thermal expansion in all directions
of the monoclinic phase crystal of ZrO2 and HfO2. By convention the c-axis is
parallel to the Z direction and the b-axis is parallel to the Y direction, the X
direction is perpendicular to the b-c plane.
The direction of the eigenvectors relative to the crystal structure of the ceramic
can provide some interesting insights. In particular, as the ceramic expands, all
the bonds along the eigenvectors, remain in line with those eigenvectors. All other
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Figure 5.4: Polar diagram of thermal expansion in a plane of monoclinic ZrO2.
The change in temperature is shown by color, from 50C to 1200C , blue to red,
respectively.
bonds, turn away from the eigenvector corresponding to the minimum direction of
thermal expansion, towards the eigenvector for maximum thermal expansion. For
ZrO2 , the eigenvector corresponding to the maximum value of thermal expansion,
is between 31 and 37 from the c-axis, toward the a-axis at temperatures between
room temperature and 700C. Above 700C, the eigenvector is between 37 and
40 from the c-axis. In crystallographic terms this is approximately, moving from
the direction perpendicular to the [1 0 2] plane at low temperatures, to just past
perpendicular to the [3 0 4] plane. In HfO2 , the eigenvector corresponding to the
largest eigenvalue is in approximately the same location, tilted approximately 29
from the c-axis at room temperature. As the temperature rises, the angle between
the c-axis and the eigenvector increases, to about 42 degrees near the start of
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Figure 5.5: Polar diagram of thermal expansion in a plane of monoclinic HfO2.
The change in temperature is shown by color, from 50C to 1750C , blue to red,
respectively.
the transformation to the tetragonal phase ( 1750C). Again, the maximum
direction of thermal expansion rotates from approximately perpendicular to the
[1 0 2] plane to the [3 0 4] plane.
5.4 Tetragonal Phase
5.4.1 Thermal expansion tensor
Due to increased symmetry, the thermal expansion tensor that describes the
tetragonal phase is much less complex. The eigenvectors always lie along the
a, b and c axes. The thermal expansion in the a-b plane is constant in all di-
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rections. To show the maximum and minimum values of thermal expansion, the
expansion along the a and c lattice directions are given as a function of temper-
ature in Figure 5.6. To describe the thermal expansion fully, it is sucient to
describe the expansion in the a-c plane. All other planes containing the c-axis
will be identical to the a-c plane, shown in Figures 5.7 and 5.8, for ZrO2 and HfO2,
respectively.
The tetragonal phase thermal expansion has similar values in both ZrO2 and
HfO2, as was the case in the monoclinic phase. The largest expansion is in the
c-axis, between 1310 6C and 1710
 6
C . Although the values are similar, the trend
with temperature is dierent. The thermal expansion in the c-axis decreases
with temperature for ZrO2, while it increases with temperature for HfO2. The
minimum thermal expansion, in the a-axis direction, is lower in HfO2 (8.510 6C to
1110 6C ) than in ZrO2 (1110
 6
C to 12.510
 6
C ).
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Figure 5.6: Thermal expansion of the lattice directions in tetragonal phases of
ZrO2 and HfO2 as a function of temperature.
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Figure 5.7: Polar diagram of thermal expansion in a plane of monoclinc ZrO2.
The change in temperature is shown by color, from 50C to 1200C , blue to red,
respectively.
5.5 Zero Thermal Expansion Plane
The eigenvalues represent only the values of extreme thermal expansion, but from
their values much more interesting phenomena can be predicted. In order to have
a direction of zero thermal expansion, either one of the eigenvalues of thermal
expansion must be zero, or there must be a mix of positive and negative values
of thermal expansion. A plane of thermal expansion is much more rare. This
requires that either two of the eigenvalues of thermal expansion are zero, or if
only one eigenvalue is zero, the remaining two must be mixed, one positive and
one negative. The latter case occurs in HfO2 , at approximately 1670
C. The
plane of zero thermal expansion contains both the eigenvector corresponding to
an eigenvalue of zero and the direction of zero thermal expansion in the plane
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Figure 5.8: Polar diagram of thermal expansion in a plane of monoclinc HfO2.
The change in temperature is shown by color, from 50C to 1750C , blue to red,
respectively.
of the other two eigenvectors. In HfO2 this is approximately the [3 -1 4] plane.
Although, with eigenvalues constantly changing with temperature, the plane of
zero thermal expansion is only shown to exist for a single temperature. This does
not take away from the uniqueness of this property, as the thermal expansion of
this plane remains small in all directions over a range of temperatures. Between
1500C and the transformation temperature, the thermal expansion in the [3 -1
4] plane has an absolute value of less than 110 6C .
A plane of zero thermal expansion has a wide range of potential applications,
particularly in thermal shock resistant materials. The lack of materials with
a plane of zero thermal expansion has left the potential uses unexplored. The
engineering of a ceramic with such properties could lead to more applications.
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Since the thermal expansion of ZrO2 near transformation also has a low magnitude
in the [3 -1 4] plane, it is likely that a solid solution of ZrO2 and HfO2will also have
this property. It is likely that by adjusting the composition of a ZrO2-HfO2 solid
solution, the temperature range over which a plane of near zero thermal expansion
exists can be tailored. It is not necessary to make a single crystal of the ceramic in
order to gain the benets of a plane of zero thermal expansion. A textured, poly-
crystalline ceramic with grains oriented such that the [3 -1 4] plane is parallel can
form a low plane of thermal expansion while still having minimal thermal stress
between grains.
5.6 Relation to Crystal Structure
The thermal expansion is a continuum property that relates the ways that the
dierent bonds in the crystal accommodate each others expansions. The crys-
tal structure of the these ceramics is a source of information about the cause of
the large anisotropy of thermal expansion. The crystal structure of monoclinic
ZrO2 and HfO2 , baddeleyite, is introduced in section 1.2, but warrants more ex-
amination.
The 7-fold coordinated M4+ ions (Zr4+ or Hf4+), have a rather uncommon
shape. They share edges with surrounding polyhedra, which is not expected of
highly anisotropic thermal expansion materials that often have buckling of poly-
hedral chains. The crystal structure needs to be viewed in another way in order
to better understand the inuence of the bonds on the thermal expansion. By
simplifying the structure in terms of the dierent type of oxygen sites, the inter-
actions of the polyhedra can be much more easily understood. First consider the
polyhedra of M4+ ions coordinated around O2  ions. For the O2 oxygen sites,
these polyhedra consisting of one O2 site surrounded by four M4+ ions, which
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form tetrahedra that are all edge sharing with four other like tetrahedra. They
are aligned in an isolated layer perpendicular to the a-axis. The O1 sites are 3-fold
coordinated, with each bonded M4+ ion in a single plane. These polyhedra are
edge sharing with one other similar polyhedra. Two edge sharing O1 polyhedron
line up in a single plane and can be thought of as a single polyhedron containing
4 M4+ ions arranged in a planer parallelogram surrounding two O1 sites. This
parallelogram polyhedron is corner sharing with 4 other like polyhedron, inter-
locking to form a continuous layer between the O2 polyhedral layers. Figure 5.9
depicts the room temperature structure of the O1 polyhedra with the O2 atoms
removed. The corner sharing of the parallelogram polyhedra indicate that the O1
layers dictate the highly anisotropic thermal expansion. The plane of each poly-
hedral lines up nearly perpendicular to its neighbors forming an accordion-like
structure that allows the polyhedra to rotate slightly and collapse in the b-axis
direction. The orientation of the parallelogram polyhedra support the theory that
these polyhedra are related to the odd thermal expansion of ZrO2 and HfO2. The
directions across the parallelogram, from M4+ ions at opposite corners, approx-
imately line up with the eigenvectors of thermal expansion when projected into
the a-c plane. The shorter distance across the parallelogram lines up with the
direction of largest thermal expansion. It rotates from about 30 angle with the
c-axis in both ceramics and rotates slightly toward the a-axis as it is heated. This
is the same behavior as is observed by the direction of the eigenvector.
5.7 Conclusions
Accurately determining the thermal expansion tensor of ZrO2 and HfO2 allows
the highly anisotropic nature of these materials to be understood. A unique
combination of a quadrupole lamp furnace, capable of transforming HfO2 to the
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tetragonal phase in air, with an advanced x-ray detector, that acquires high reso-
lution diraction patterns in under a minute, has enabled the full characterization
of the thermal expansion of these ceramics both in the monoclinic as well as in
the tetragonal phases. This is the rst presentation of the thermal expansion of
tetragonal HfO2 in air.
In addition to the characterization of two technologically important ceramics,
this work has shown the signicance of describing the thermal expansion of low
symmetry materials using the tensor form. The thermal expansion of the crystals
in this study are largely dependent on the direction in which they are measured.
The direction of least thermal expansion was, as expected, found to be in the
b-axis. The maximum thermal expansion of ZrO2 and HfO2was found to be in
the a-c plane rotating from the [1 0 2] plane normal to the [3 0 4] plane normal as
temperature rises. The anisotropy in thermal expansion reaches a maximum as the
monoclinic phase reaches the transformation temperature to the tetragonal phase
in both ceramics. By examining the directionally dependent thermal expansion
thoroughly, a plane of zero thermal expansion has been found in HfO2 at high
temperatures. This plane is approximately normal to the [3 -1 4] plane of HfO2 .
The same plane of ZrO2was found to have very low thermal expansion, indicating
that the solid solution of ZrO2 and HfO2 can be exploited to engineer a ceramic
with a near zero thermal expansion plane in a desired temperature range. The
monoclinic crystal structure of the low temperature phase has been discussed and
related to the highly anisotropic thermal expansion.
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(a) a axes projection
(b) 304 hkl normal
Figure 5.9: The crystal structure of the monoclinic hafnia showing O1 polyhedra
with the O2 sites removed.
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CHAPTER 6
THE MONOCLINIC TO TETRAGONAL
PHASE TRANSFORMATIONS IN HAFNIA
AND ZIRCONIA
6.1 Introduction
6.1.1 Martensitic Transformations in HfO2 and ZrO2
Due to the signicant similarities between HfO2 and ZrO2 and the long history
of technological importance of ZrO2 , the phase transformations of HfO2 are com-
monly understood in terms of known properties of ZrO2 transformations. The
most technologically important and the most studied transformation of these ox-
ides is the tetragonal to monoclinic transformation. While martensitic transfor-
mations are not uncommon in metals, they are very rare in non-metals. The
tetragonal to monoclinic transformation in ZrO2 and HfO2were among the rst
martensitic transformations to be recognized in non-metal systems.[26] A marten-
sitic phase transformation is characterized by its diusionless and displacive na-
ture in combination with a large shear strain. The shape and volume change
involved must be so large that it dominates the energetics of the transformation.
This is key to transformation toughening because the transformation can be in-
duced by the shear stress of a crack tip and the interface can travel on the order
of the speed of sound. [39, 120, 34] Both ZrO2 and HfO2 are known to exhibit
many of the traits commonly associated with martensitic transformations.
 athermal nature - the transformation occurs only with a change in temper-
ature and occurs too quickly to have a temporal dependence.
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 temperature hysteresis - the transformation occurs at a higher temperature
on heating then on cooling
 microstructural stress relief - microtwining and microcracking may occur to
relieve the strain of transformation
 an orientation relationship exists between the parent and product phases -
a habit plain is undistorted and unrotated during transformation
The phenomenological theory of martensitic phase transformations can be em-
ployed to determine the properties of the transformation.[39, 40, 41, 42, 43] The
phenomenological theory does not attempt to reveal the mechanism of transfor-
mation, but instead relates the parent and product phases crystallographically.
The relationship between the two phases is described in terms of a strain matrix.
As mentioned earlier this strain must have an invariant plane, the habit plane.
So for mathematical convenience the strain matrix is often separated into three
parts: the Bain strain which describes the total strain required to transform from
the parent to the product phase, a shear strain called the lattice invariant shear,
and a rigid body rotation that insures that the habit plane remains unrotated.
These components can be found using the lattice parameters of the parent and
product phases, assuming a lattice correspondence and assuming a direction of
the lattice invariant shear. Knowing the components of the strain matrix can
produce a wealth of information, such as the likely habit plane, the magnitude of
the lattice invariant shear, the shape of the total strain and the orientation rela-
tionship between the product phase and the parent phase, which is a combination
of the rigid body rotation matrix and the lattice correspondence assumed.[39]
The martensitic transformation in ZrO2 has been widely studied. [26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 7] Conversely the information about the same
transformation in HfO2 is sparse.[7, 15] This is likely due to the high tempera-
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ture of the transformation. The particle size necessary to stabilize HfO2 is pre-
dicted to be 4 nm [14] which matches well with experimental data.[121] As a
result of the necessarily small grain size needed, pure tetragonal HfO2 has not
been retained at room temperature by quenching from transformation, though
the tetragonal[121] and cubic [2] phases have been synthesized in nanoparticles
by crystallizing and annealing at relatively low temperatures. The system must
be studied at a temperature when both phases are present in order to acquire
the lattice parameters at transformation and the lattice correspondence, while
both phases are present. The methods used to characterize ZrO2, mainly trans-
mission electron microscopy[122, 29, 33, 36], are not currently feasible at the
much higher temperatures required to study HfO2. The zirconia phase trans-
formation has been studied using in situ techniques such as high temperature
diraction[26, 27, 5, 10, 117, 123], dierential thermal analysis[10, 124, 125], Ra-
man spectroscopy[126, 127], and dilatometry[115, 128]. Of these methods the only
one capable of acquiring the accurate crystallographic information necessary for
strain calculations from the phenomenological theory is x-ray diraction.
6.1.2 Previous Studies on the Monoclinic to Tetragonal Phase
Transformation in HfO2
The monoclinic to tetragonal phase transformation in HfO2 has been studied by x-
ray diraction, but because of the high temperature of transformation, it has never
been studied in situ in air. The initial x-ray diraction studies on HfO2were car-
ried out using an oxygen decient atmosphere. Curtis et al. did early in situ x-ray
diraction studies on the high temperature phases of ZrO2 and HfO2.[115] These
experiments were performed using an x-ray camera with Cu-K, while the sam-
ple was heated using tungsten elements.[116] The thermal expansion of ZrO2 and
HfO2were measured by x-ray diraction in 1961 by Grain and Campbell.[44] In
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1963, Wolten used a vacuum diractometer equipped with platinum-rhodium
heating element/sample support to study the hysteresis in density of ZrO2 and
HfO2 at transformation.[26] In this work it was rst suggested that the mono-
clinic to tetragonal transformation may be martensitic. In the same year Baun
studied the kinetics of transformation of ZrO2 and HfO2, this work again used
a vacuum with tungsten elements.[5] The rst in situ, high temperature x-ray
diraction to be done in air on ZrO2 and HfO2was performed by Patil and Sub-
barao in 1969.[117] This work only reached 1400C, so it was not able to acquire
information on the phase transformation of HfO2 from monoclinic to tetragonal.
The information collected on the structure of ZrO2 during transformation was
later used to calculate the martensitic strain as described by phenomenological
theory.[28] A few years later Stacy et al. conducted a thorough x-ray study of
the structure of HfO2 through the monoclinic to tetragonal transformation to get
the thermal expansion of both phases and the volume change at transformation.
Unfortunately this work too was done in a vacuum furnace.[8] The structure of
HfO2was again studied through the transformation in 1987 by Coutures and Cou-
tures, these experiments were done in air up to 1500C, and then in a He-2%H
atmosphere to 2000C.[118] In addition to the phase transformation from mono-
clinic to the tetragonal phase there have been several studies on the transformation
to the orthorhombic phase at high pressures. The majority of these studies used
synchrotron x-ray radiation and in combination with diamond anvil cells to ac-
quire high pressure. [24, 129, 130, 13] Ohtaka et al. studied the phase diagram of
HfO2 at high pressure and high temperature in situ up to 1500
C.[13] This diverse
group of approaches to in situ diraction of HfO2 have yet to acquire the crystal
structure of HfO2 at transformation in air.
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6.1.3 Theories About the Dierence in Transformation
Temperature in HfO2 and ZrO2
There are two hypotheses as to why the phase transformation of HfO2 occurs at
about 600C higher than the analogous transformation in ZrO2.[14] The rst the-
ory is that there exists a critical metal oxygen bond length at transformation. This
theory originated with Grain and Campbell in 1961 in their report to the Bureau
of Mines.[44] They found that not only were the crystal structures of HfO2 and
ZrO2 similar, but their anisotropic thermal expansions were similar too. Ruh
and Corneld latter theorized that the lattice parameters of the monoclinic cell in
HfO2 at 1700
C would be similar to the lattice parameters of ZrO2 at 1100C. This
provided evidence for a critical metal oxygen bond length, above which the mon-
oclinic structure is no longer stable. [20] Methods used to stabilize ZrO2 provided
further evidence to support this theory. When oxides like Y2O3,CaOand MgOare
used to dope ZrO2 the temperature of transformation decreased in parallel with a
increase in unit cell size.[14]
The second theory, proposed by Burke and Garvie, in 1977, assumes that the
driving force for transformation is the result of a partial softening of a particu-
lar mode of lattice vibration, such that nucleation is caused by fractions of ions
that have signicantly large vibrational energy from soft phonons. Since the vi-
brational frequency of the soft phonons can be roughly approximated as related
to the inverse of the square root of the cation mass, the dierence in transfor-
mation temperatures can be attributed to the large dierence in atomic mass of
hafnium (178.49 amu[131]) and zirconium (91.224 amu[132]). [133] It was later
found that this was an over simplication, since the spring constant rooted in
the inter atomic forces is signicantly dierent at transformation in ZrO2 and
HfO2. Using Raman and IR spectroscopy, Luo et al. found that the force con-
stant in ZrO2was 10% larger than that in HfO2 for a high frequency range, but at
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low frequencies (< 350 cm 1) the larger mass eect of HfO2 dominates, causing a
shift to lower frequencies than in ZrO2.[7] Discrepancy concerning the two phase
transformations remains unresolved and could benet greatly from more accurate
information about the higher temperature transformation of HfO2.
6.2 Transformation Temperatures
The structural renement of the phases of HfO2 allows for determination of the
phase percent present at each temperature on heating and cooling. Since the
transformation from monoclinic to tetragonal in HfO2 is athermal, the percent
transformed is independent of heating rate and can be obtained as a function
of only temperature, as in Figure 6.1. On heating HfO2, the transformation is
known as the austenite transformation, by analogy with the transformation in
steel. The rst signicant amount of any tetragonal phase observed occurred at
1759  6C at which there was 13:2  0:2% tetragonal phase. As the temper-
ature was raised the transformation proceeded quickly, so that by 1787  6C
the percent tetragonal had already increased to 92:8 0:7%. There was no more
monoclinic phase detected in an x-ray diraction pattern observed at 1810 6C.
Again in reference to the analogous transformation in steel, the monoclinic phase
produced by cooling HfO2 is commonly called the martensite phase. While cool-
ing, HfO2was fully composed of the tetragonal phase at temperatures measured
as low as 1696  6C. The rst monoclinic phase measured on cooling occurred
at 1679  6C. By this point there was already 26:3  0:7% monoclinic phase
present. The transformation continued at a large rate with respect to tempera-
ture till about 16516C, at which 79:10:3% monoclinic phase was present. The
transformation began to proceed at a slower and more constant rate with respect
to temperature, till about 95% of the HfO2was converted to the monoclinic phase,
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rst observed at 1545  6C. From here the transformation proceeded at a very
slow rate relative to temperature. There was a measurable amount of tetragonal
phase HfO2 until about 1400
C, below which there was a single peak of tetragonal
HfO2 that remained until about 1350
C, though it was within error of no tetrag-
onal remaining. By dening the start and end of transformation as having less
than 5% of the minor phase, the transformation temperatures can be determined
by interpolating from the data collected. The experimental transformation tem-
peratures for HfO2 in air are given in Table 6.1. Overall, it was found that the
austenite transformation occurred at a larger rate with respect to temperature
when compared to the martensitic transformation. Both transformations began
at a larger rate than they nished. This was much more apparent in the marten-
sitic transformation which remains between 80% and 95% complete for more than
100C, while the rst 80% occurs in under 50C.
The ZrO2 transformation from monoclinic to tetragonal symmetry has been
studied by many researchers [124], and is well known as an athermal transfor-
mation. The high temperature x-ray diraction patterns of ZrO2were also mea-
sured for phase composition. The percent transformed as a function of temper-
ature as measured in this study is given in Figure 6.2. By comparison to HfO2,
ZrO2 transformed at a much lower temperature, as expected. Since the melting
temperature of platinum was about 550C above the monoclinic to tetragonal
transformation temperature for ZrO2 , the temperature of high temperature x-
ray diraction patterns could be measured with high accuracy (to about 1C ).
The rst sign of the austenite transformation on heating was at 1165:6  0:8C
where 2:3 0:1% tetragonal phase was observed. The transformation occurred at
a relatively large rate with temperature, until it was observed to be 91:25  :3%
complete at 1194:2  0:3C. Over the rest of the transformation, the rate with
respect to temperature was reduced. The last x-ray diraction pattern to contain
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Figure 6.1: Percent of HfO2 transformed from monoclinic to tetragonal phase on
heating and cooling during the athermal transformation as a function of
temperature.
any monoclinic phase was observed at 1208 1C and was 98:5 0:6% tetragonal
phase. On cooling the lowest temperature x-ray diraction pattern of pure tetrag-
onal phase was observed at 1065 1C. The next x-ray pattern was collected at
1051  1C and was already transformed 23:3  0:9%. The transformation con-
tinued at a relatively large rate with respect to temperature through an x-ray
pattern collected at 1032:5 1C with 71:3 0:6% monoclinic phase present. At
a somewhat reduced temperature rate, the transformation proceeded until it was
93:30:3% complete at 9801C. The remainder of the transformation occurred
over a large temperature range. The last renable amount of tetragonal ZrO2was
observed at 834 1C and was 97:2 0:1% monoclinic phase. The largest dirac-
tion peak was visible in diraction patterns down to 700C, although the height
relative to the background made its structure unrenable. The transformation
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temperatures, by the same denition adopted for the transformation of HfO2 (ie.
5% of the minor phase remaining), are given in Table 6.1. When compared to
other reported transformation temperatures for pure ZrO2 the austenite start and
nish values are in very good agreement. (See compiled transformation tempera-
tures by Wang et al.[124]) The martensite start transformation temperature was
also in good agreement with the literature, although the martensite nish temper-
ature was lower many of the values reported. This is expected to be due to the low
rate of transformation during the later stages. Methods of determining extent of
transformation by measuring the transformation rate, such as dierential thermal
analysis (DTA), are insensitive to very slow transformations. This can be seen in
the study by Ruh et al., in which the transformation temperatures of ZrO2were
measured by both DTA and high temperature x-ray diraction, which measures
extent of reaction by directly measuring the amount of each phase present. The
completion temperature for the martensite transformation in ZrO2was much lower
for the x-ray studies, 880C, than the value obtained using DTA, 993C.
Table 6.1: Monoclinic to tetragonal phase transformation temperatures of
HfO2 and ZrO2 as estimated by high temperature x-ray diraction. All
temperatures given in degrees Celsius.
HfO2 ZrO2
Austenite Start, AS 1749 9 1168 3
50% 1770 10 1188 5
Finish, AF 1799 6 1203 5
Martensite Start, MS 1690 10 1062 6
50% 1670 10 1044 8
Finish, MF 1530 9 934 4
(AS +MS)=2, T0 1719 10 1115 6
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Figure 6.2: Percent of ZrO2 transformed from monoclinic to tetragonal phase on
heating and cooling during the athermal transformation, as a function of
temperature.
6.3 Transformation Hysteresis
The general trend of the transformation progression with temperature for HfO2 and
ZrO2 are the same. The hysteresis as a function of the percent tetragonal phase
is given in Figure 6.3. As expected, for both compounds, the hysteresis broadens
for low amounts of tetragonal phase. This is due to the lagging martensite trans-
formation when less than 20% tetragonal phase remains. The average value for
hysteresis is 110 10C for HfO2 and 152 6C for ZrO2. This is a similar value
to those reported for ZrO2 , but a bit larger than the values of hysteresis that have
been reported for HfO2.[14] The volume hysteresis for HfO2 and ZrO2 are shown in
Figures 6.4 and 6.5, respectively. The general shape of the volume hysteresis is the
same for both HfO2 and ZrO2. The volume increases relatively linearly for both,
until the transformation at which point there is a sharp decrease in volume. In
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HfO2 this is about a 3:9A
3 decrease. This corresponds to a  2:73% spontaneous
strain, dened as the ratio of change in volume to the volume before transforma-
tion. In ZrO2 the decrease in volume is about 4:9A
3, corresponding to a  3:38%
spontaneous strain. Once transformed both systems seem to have linear expan-
sion in the tetragonal phase, although the tetragonal data for HfO2 has a much
lower signal to noise ratio, most likely due to the lack of a method for accurate
temperature determination relative to using platinum as an internal thermometer.
The transformation on cooling is associated with a large volume increase in both
systems. The spontaneous strain in the HfO2 system is 2:99% and 3:69% in the
ZrO2 system.
0 10 20 30 40 50 60 70 80 90 100
80
100
120
140
160
180
200
220
240
Percent Tetragonal Phase (%)
H
ys
te
re
sis
 (∆
o
C)
 
 
HfO2
ZrO2
Figure 6.3: For a given percent tetragonal phase, the hysteresis in temperature,
the dierence from the temperature of the transformation on heating to the
temperature of the transformation on cooling, for both HfO2 and ZrO2.
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Figure 6.4: The unit cell volume of HfO2 plotted as a function of temperature
through the monoclinic to tetragonal transformation. The tetragonal unit cell
has been doubled in order to have the same number of formula units per unit
cell as the monoclinic cell.
6.4 Transformation Strain
While the unit cell volumes of the parent and product phases provides volumet-
ric strain, the character of a martensitic phase transformation is more readily
understood through the total strain tensor. By the phenomenological theory of
martensite crystallography, the total strain of the crystal on transformation is
described by three components. From the lattice parameters of the parent and
product phase at transformation and the lattice correspondence, the Bain strain
and the associated rotation matrix can be calculated. Since the lattice correspon-
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Figure 6.5: The unit cell volume of ZrO2 plotted as a function of temperature
through the monoclinic to tetragonal transformation. The tetragonal unit cell
has been doubled in order to have the same number of formula units per unit
cell as the monoclinic cell.
dence is not known, the three possible, that are not related by symmetry, will be
used to test possible congurations.
Calculation of the Bain strain, during the transformation from tetragonal to
monoclinic, begins with the lattice parameters at transformation. The lattice
parameters used for these calculations were chosen from the diraction patterns
acquired nearest to the temperature at which 50% of the parent phase was present.
Table 6.2 shows the lattice parameters used in Bain strain calculations for both
ZrO2 and HfO2. The calculations were also carried out for lattice parameters
near the beginning and end of the transformation, yielding similar results with
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negligible dierences. Kriven, et al. rst reported the Bain strain of ZrO2 using
the lattice parameters at transformation.[33] This work introduced the notation
which is used to describe the dierent possible lattice correspondence. Each of
the lattice correspondence, (LC-A, LC-B and LC-C), is named for the direction
in the monoclinic phase that is parallel to the tetragonal c direction.
Table 6.2: Lattice parameters during tetragonal to monoclinic phase
transformation.
ZrO2 HfO2
Temperature (C ) 1023 1668
am (A) 5.1880 5.1926
bm (A) 5.2161 5.1829
cm (A) 5.3825 5.4123
m (
) 98.764 98.083
at 
p
2 (A) 5.1391 5.1456
ct (A) 5.2597 5.2867
The methodology for calculating the Bain strain is explained in several sources.[33,
134, 39] One begins by calculating a correspondence matrix, F , that maps from
the parent to the product phases, given the lattice correspondence. These ma-
trices are given for each lattice correspondence in Simha[134] and reproduced in
Table 6.3. Using the lattice parameters in Table 6.2 the correspondence matrices
have been calculated and are provided in Table 6.4.
The Bain strain, which is the strain required to convert one crystal structure
into another, can be calculated from the correspondence matrix:
B =
p
F TF (6.1)
where B is the Bain strain. Note that the term \Bain strain" is misnomer in
that the Bain strain is a ratio of the lengths in the crystal structure rather than
the ratio of the change in length to the length. This representation is used out
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Table 6.3: The lattice correspondence matrix as given by Simha (1997)[134].
Correspondence Plane
Direction
F
LC-A (100)mk(001)t
[001]mk[010]t
0@ bmat 0 00 cm
at
am cosm
ct
0 0 am sinm
ct
1A
LC-B (100)mk(010)t
[010]mk[001]t
0@ cmat am cosmat 00 am sinm
at
0
0 0 bm
ct
1A
LC-C (100)mk(100)t
[001]mk[001]t
0@ am sinmat 0 00 bm
at
0
am cosm
at
0 cm
ct
1A
Table 6.4: The lattice correspondence matrix, F , calculated for ZrO2 and HfO2.
ZrO2 HfO2
LC-A
0@ 1:0150 0 00 1:0474  0:15029
0 0 0:97485
1A 0@ 1:0072 0 00 1:0518  0:13810
0 0 0:97244
1A
LC-B
0@ 1:0474  0:15382 00 0:99773 0
0 0 0:99171
1A 0@ 1:0518  0:14189 00 0:99911 0
0 0 0:98037
1A
LC-C
0@ 0:99773 0 00 1:0150 0
 0:15382 0 1:0233
1A 0@ 0:99911 0 00 1:0072 0
 0:14189 0 1:0238
1A
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of convenience and convention. The eigenvalues of the Bain strain matrix, also
called the principle strains (i), represent the extrema extensions of the structure.
The volume change at transformation can be given by j 123   1 j. The volume
change is independent of the lattice correspondence, because the product of the
eigenvalues is always constant. The amount of stain for each lattice correspon-
dence is not constant. The minimum amount of strain occurs when the lattice
directions of the parent phase are matched with the directions of the product
phase in order of size. A measure for the amount of strain due to a particular
lattice correspondence is given by
qP3
i=1 
2
i   3. The eigenvectors of the Bain
strain indicate the maximum strain and how it corresponds to the parent phase
orientation. The Bain strain and its eigenvalues are given for ZrO2 and HfO2 in
Table 6.5
The values obtained for ZrO2 have the same general trend as those observed
in the literature, but with a slightly higher magnitude. This is expected due to
the higher transformation temperature used to obtain the lattice constants.[33,
134, 39] There are no known Bain strain calculations with which to compare the
HfO2 values, but they are somewhat similar to the values of ZrO2 , with a lower
magnitude strain. The total strain for LC-A and LC-B is larger for both ceramics,
by nearly the same magnitude over LC-C.
In general the transformation takes on the lattice correspondence that requires
the least amount of strain. In both ZrO2 and HfO2 this would be the LC-C lattice
correspondence. This is not however always the case, as the transformation may
also occur with the lattice correspondence that minimizes the necessary shear
strain or twinning required to obtain a habit plane. The habit plane remains
unstrained or rotated during the transformation. A strain containing such a plain
is known as invariant plane strain. Phenomenological theory requires that this
plane exists so that the parent and product can share a common plane. Since the
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Table 6.5: The Bain strain, B, and its eigenvalues, i calculated for ZrO2 and
HfO2.
ZrO2
Bain Strain i
qP3
i=1 
2
i   3
LC-A
0@ 1:0150 0 00 1:0445  0:07763
0  0:07763 0:98331
1A 0@ 0:930451:0973
1:0149
1A 0.10007
LC-B
0@ 1:0444  0:07855 0 0:07855 1:0065 0
0 0 0:99171
1A 0@ 1:10620:94462
0:99171
1A 0.09957
LC-C
0@ 1:0065 0  0:077660 1:0150 0
 0:07766 0 1:0204
1A 0@ 0:935491:0914
1:0150
1A 0.09654
HfO2
Bain Strain i
qP3
i=1 
2
i   3
LC-A
0@ 1:0072 0 00 1:0494  0:07159
0  0:07159 0:9796
1A 0@ 0:934841:0941
1:0072
1A 0.08543
LC-B
0@ 1:0493  0:07259 0 0:07259 1:0065 0
0 0 0:98037
1A 0@ 1:10360:95223
0:98037
1A 0.08580
LC-C
0@ 1:0066 0  0:071630 1:0072 0
 0:07163 0 1:0212
1A 0@ 0:94191:0859
1:0072
1A 0.08083
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Bain strain is not always an invariant plane strain, other operations are necessary
to obtain the total strain of transformation. Phenomenological theory of marten-
site crystallography mathematically separates the transformation strain into three
parts:
S = RBL (6.2)
Where S is the total strain of transformation and is a invariant plane strain, B
is the Bain strain, L describes a lattice invariant shear or twinning, and R is a
rotation matrix required to make sure that the habit plane remains unrotated
in space. The Bain strain itself is only an invariant plane strain if one of the
eigenvalues is 1, one is less than 1 and the third is greater than 1. When this is
not the case, the Bain strain contains a cone of invariant strain which must be
sheared by L in order for the invariant plane strain to exist. The magnitude of L
depends on the slip or twinning system of the dislocation, as well as the amount
of shear necessary to convert the Bain strain to an invariant plane strain. As the
eigenvalues of the Bain strain approach 1, the magnitude of L diminishes. For
this reason a lattice correspondence will sometimes be preferred if the required
slip or twinning is minimized. This occurs when the Bain strain has an eigenvalue
near 1. In ZrO2 the LC-B lattice correspondence is often observed.[33, 29, 39] It is
expected that this occurrence is due to the lower magnitude L required to convert
the Bain strain into an invariant plane strain. In HfO2 both the LC-A and LC-C
have near unity eigenvalues of 1.0072. This indicates that both of these Bain
strains are nearly an invariant plane strain. Since the Bain strain is minimized by
LC-C and it has a near unity eigenvalue, it is expected to be the preferred lattice
correspondence.
From the Bain strain it is possible to determine R, the rigid body rotation nec-
essary to make the habit plane unrotated. The rotation matrix can be calculated
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by:
R = FB 1 (6.3)
For the transformation from tetragonal to monoclinic in ZrO2 and HfO2 the ro-
tation is always around the monoclinic axis of symmetry, the bm-axis. Therefore
the rotation can be described by a single angle, a rotation about the bm-axis from
the c-axis towards the monoclinic a-axis. These angles are given in Table 6.6.
The amount of rotation is always greater for ZrO2 than for HfO2. However, for all
lattice correspondences the rotation is about the same in magnitude, with LC-A
being the least and LC-C being the greatest.
Table 6.6: The calculated rotation necessary for an invariant plane strain base
on phenomenological theory of martensite crystallography. The rotation is about
the monoclinic b-axis from the monoclinic c-axis towards the monoclinic a-axis.
ZrO2 HfO2
LC-A 4:250 3:903
LC-B 4:301 3:958
LC-C 4:524 4:012
6.5 Bond Lengths at Transformation
As discussed in section 6.1.3 the one of the two theories about why the transfor-
mation temperature for HfO2 is much higher than that of ZrO2 has to do with a
dierence in bond lengths. The volume of the unit cell of HfO2 is much smaller
than the unit cell for ZrO2 at room temperature. Grain and Campbell as well as
Ruh and Corneld found that the expected volume of the monoclinic HfO2 unit
cell at transformation would be nearly the same as the ZrO2 unit cell at its trans-
formation temperature.[44, 20] This provided evidence that the transformation
temperature is correlated to the volume of the unit cell. This theory is strength-
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ened by the fact that dopants that aect the unit cell size tend to change the
transformation temperature accordingly. There has also been substantial evidence
that the change in transformation temperature is due to a softening of phonons
in the crystal.[14, 7] These theories are not mutually exclusive and may both hold
merit.
The signicant amount of structural information obtained in this work for both
ZrO2 and HfO2 at their respective transformation temperatures allows for a more
in depth study into the correlation of bond length and transformation temper-
ature. The average distance between the metal ions and the O1 and O2 type
oxygen ions in the monoclinic phase has been calculated for each temperature.
These values have been plotted as a function of temperature in Figure 6.6. As ex-
pected the O2 atoms (four coordinated with metal ions) have longer bond lengths
than the O1 atoms (coordinated by three metal ions). For all temperatures the
HfO2 bonds are shorter than the ZrO2 bonds. In Figures 6.7 and 6.8 the temper-
ature the structural data that was collected for O1 and O2 bonds, respectively, is
normalized by the transformation temperature of the ceramic during the trans-
formation from monoclinic to tetragonal phase. These gures show the similarity
of the bond lengths as they approach transformation. The O1 to metal ion dis-
tances intersect at approximately 92% at about 2:107A, while the 02 to metal
ion distances intersect at approximately 99% of the transformation temperature
at 2:230A. For completeness, Figure 6.9 shows the bond lengths in tetragonal
HfO2 and ZrO2 as a function of temperature. This data is also normalized by the
transformation temperature and given in Figure 6.10. The bond lengths for the
tetragonal phase do not intersect on a relative temperature scale in the tempera-
ture range for which data was collected.
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Figure 6.6: The distances between the average locations of the oxygen and metal
ions in the monoclinic phase of HfO2 and ZrO2. These are split up between the
two types of symmetry related oxygen bonds.
6.6 Summary
Toughened ZrO2 composites, though a popular choice for high temperature struc-
tural applications, have an upper temperature limit of operation. They cannot
operate above the temperature of transformation to the tetragonal phase. Above
this temperature the tetragonal phase is stable and the martensitic transformation
cannot be induced by a crack tip. The drive for a higher temperature material has
given much incentive to learn about the phase transformation in HfO2. Despite
the similarities with ZrO2, and the extensive knowledge of ZrO2 transformations
there is signicantly less progress in toughening HfO2. Much of this can be at-
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Figure 6.7: The distances between the average locations O1, oxygen atoms and
metal ions in the monoclinic phase of HfO2 and ZrO2 are given as a function of
temperature normalized by the transformation temperature of the respective
ceramic.
tributed to the high temperature of transformation and the inability to study
the transformation in situ. Using signicant achievements in experimentation,
the high temperature x-ray diraction of HfO2 during transformation has been
acquired in air.
Several key attributes of the transformation have been characterized. The trans-
formation temperature has been described as well as the percent transformed as
a function of temperature on heating and cooling. The transformation was found
to occur over a much smaller temperature range on heating than on cooling for
both ceramics. The amount of temperature hysteresis has been characterized for
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Figure 6.8: The distances between the average locations O2, oxygen atoms and
metal ions in the monoclinic phase of HfO2 and ZrO2 are given as a function of
temperature normalized by the transformation temperature of the respective
ceramic.
each ceramic and found to be 110 10C for HfO2 and 152 6C for ZrO2, which
is larger than previously reported for HfO2 from studies conducted in an inert
atmosphere.
In any martensitic transformation the energetics are dominated by strain. Accu-
rate determination of the strain of transformation makes a signicant contribution
to the understanding of its behavior. The total volumetric strain of the tetragonal
to monoclinic transformation was found to be 2:99% for HfO2 and 3:69% for ZrO2.
Even though there is a smaller volume change in HfO2 this does not fully explain
the reduction in toughening. To further explain the strain the crystal undergoes,
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Figure 6.9: The distance between the average location of oxygen and metal ions
are given for the tetragonal phase of HfO2 and ZrO2.
the Bain strain was calculated for each ceramic. The Bain strain of ZrO2was some-
what higher than previously calculated, but this is expected due to the increased
temperature of transformation used when deciding the lattice parameters to use
for the calculation. Despite the larger strain the behavior of ZrO2was unchanged
from the large body of literature on the subject. Although the Bain strain of
ZrO2 is fundamental knowledge of the ceramics martensite community, the Bain
strain of HfO2 has not been reported. It is often expected to be the same or similar
to ZrO2 . Based on the results presented in this work, this may not be the case.
The existence of a plane invariant strain during the transformation indicates that
the transformation can occur with little shear strain. As predicted by Evans[38],
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Figure 6.10: The distance between the average location of oxygen and metal ions
are given for the tetragonal phase of HfO2 and ZrO2 as a function of temperature
normalized by the monoclinic to tetragonal transformation temperature for the
respective ceramic.
the shear strain plays a signicant role in the toughening of a martensitic material.
The strain at a crack tip is largely shear strain, so a transformation with a large
shear component is more easily activated by the propagation of the crack. This
prediction may lead to a new way to design a transformation toughened ceramic.
If the Bain strain can be altered by a dopant such that the shear component is
increased, the toughening aorded by the material may be increased.
To explain the dierence in transformation temperatures, in ZrO2 and HfO2,
two theories exist. One of these theories suggests that there is a critical metal
ion to oxygen bond size that cannot be exceeded in the monoclinic phase. This
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theory had been supported by the expected unit cell volume at transformation and
the correlation of unit cell volume and transformation temperature when dopants
are added. The bond lengths themselves have never been directly probed. In
this study the average distance between the atoms has been given as a function
of temperature normalized by the transformation temperature. This has shown
that the bond lengths in the monoclinic phase are similar at the transformation
temperature.
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CHAPTER 7
THE STRUCTURAL EFFECTS OF DOPING
TANTALA INTO THE STRUCTURE OF
HAFNIA
7.1 Construction of a HfO2 - Ta2O5Diusion Couple
In order to identify more stable phases in the HfO2 -Ta2O5 binary oxide system,
signicant work has gone into constructing a diusion couple between these pure
oxides. Ideally this would lead to understanding of the HfO2 -Ta2O5 phase diagram
and particularly, information on the aect of Ta2O5 on the HfO2 structure. Con-
struction of a diusion couple using such refractory oxides as HfO2 and Ta2O5 has
presented a huge challenge. A diusion couple is made by joining two pure sub-
stances and then heating to allow diusion to create a gradient of composition.
The intent is to nd which stable phases form in the gradient and to identify the
compositions of interest. The rst diusion couples we made were constructed by
joining green pellets of pure HfO2 and pure Ta2O5. After heating to 1550
C for
15 days no gradient was formed and the pellets were no longer joined. We have
speculated that this is due to dierential sintering. Ta2O5 has been known to un-
dergo signicant grain growth at around 1300C.[49] This causes the HfO2 pellet
to become far denser than the Ta2O5 pellet which had trapped signicant amounts
of pores inside the grains. Figure 7.1(a) shows a micrograph of the Ta2O5 pellet
post-sintering, the large amount of pores seen could easily result in dierential
sintering relative to the HfO2 pellet which sintered completely, see Figure 7.1(b).
A second attempt was made to sinter pellets separately to have fully dense pel-
lets when starting diusion. The separate dense pellets were polished and then
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(a) Ta2O5 (b) HfO2
Figure 7.1: A micrograph of the fracture surface of Ta2O5 and HfO2 after
sintering alongside each other for 15 days at 1500C.
joined and heated to 1550C for 15 days. After this time period it was found
that the pellets had little diusion between them and were not joined at all. The
grain size of the Ta2O5 pellet was found to be on the order of millimeters, which
is unlike common ceramics. Energy Dispersive Spectroscopy (EDS) in a JEOL
6060LV scanning electron microscope showed no discernible amount of Ta2O5 on
the HfO2 pellet, or vise versa. If the major mechanism for diusion is grain bound-
ary diusion, the large grains formed in the Ta2O5 pellet could have limited the
diusion.
A new attempt was made to limit the amount of grain growth in Ta2O5 . As
seen in multi-component composites grain growth can be retarded by increasing
the distance between grains of the same phase.[135] This was done by mixing
the HfO2 powders with small amounts of the Ta2O5 powder without grinding the
powders together. Once pressed isostatically, this resulted in large granules of
Ta2O5 encased in HfO2 powder. These pellets again had little to no diusion
between the two oxides. As can be seen in Figure 7.2, dierential sintering has
caused the two oxides to separate. When too low of a sintering temperature was
used (1200C for 10 hours), the Ta2O5 sintered before the HfO2. When a higher
128
Figure 7.2: A micrograph of a composite made of Ta2O5 granules in a
HfO2matrix after sintering 15 days at 1500
C.
sintering temperature was used (1500C for 10 hours), the Ta2O5 granules formed
porous bodies that would not sinter.
A nal attempt was made by combining the oxides in a reducing furnace. This
furnace contained no oxygen (pure He atmosphere), but was capable of heating
already sintered pellets to 1900C. When the pellets were removed from the fur-
nace, they were joined together. The color of the pellets had changed dramatically
from white to dark gray or black. This is a sign of signicant oxygen vacancies.
The joined pellets were heated in air to 1600C for 6 hours. When removed from
the furnace the pellets were once again white. Under inspection by SEM and
EDS a chemical gradient had formed. Figure 7.3 displays a portion of the join
between the Ta2O5 and HfO2 pellets and the gradient in composition measured
by EDS. Unfortunately, the sample being reduced to a large enough degree for a
color change indicates that the phases that form are not necessarily what would
be stable in air. The gradient measured by EDS was not able to identify any
preferential composition that may indicate a stable phase. The diusion in these
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ceramics appeared to be too low to form a gradient over any signicant distance
even when reheated in an oxidizing atmosphere. This removes any benet that
could be gained by forming a diusion couple, since the purpose was to gain a
quick insight into the stable phases that form in the HfO2 -Ta2O5 system. Under
these circumstances construction of a diusion couple has been abandoned. To
replace this eort, powders of several HfO2 -Ta2O5 compositions have been syn-
thesized, focusing particularly on compositions with low amounts of Ta2O5.
Figure 7.3: A micrograph of a diusion couple made in reducing atmosphere and
then re-oxidized at 1600C.
7.2 Synthesis of HfO2 -Ta2O5 Powders
The low diusivity of refractory oxides makes traditional \shake and bake" syn-
thesis, where two pure oxides are mixed together and then heated, not a feasible
method of making a homogeneous compound. Therefore a synthesis technique
must be used that can ensure good atomic mixing of the metal ions before they
are oxidized. The steric entrapment method of producing powders is a well es-
tablished method for making homogeneous compounds. This method involves
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dissolving compounds containing the metal ions in the right proportion and then
adding an entrapping agent, generally an organic polymer, that will encapsulate
the metal ions into small bundles. When the solvent is removed by heating, the
compounds remain in the polymer with the correct distribution of metal ions.
The resulting mixture is then calcined to remove the encapsulating polymer and
any other non metals that were in the precursors. Once calcined the mixture is
generally amorphous. It can be heated in air to oxidize the metals and crystallize
the stable phases at that composition and temperature.
The steric entrapment was used to make powders of the HfO2 -Ta2O5 system.
The precursors used to contribute the Hf4+ ions were either HfCl4 (American
Elements, Los Angeles, CA, USA) or HfO(NO3)2  H2O (Noah Technologies Cor-
poration, San Antonio, TX, USA). The source for Ta5+ was TaCl5 (American
Elements, Los Angeles, Ca, USA). All precursors had a purity of 99.9% or greater
on a metal ion weight basis. Powders were made by using two dierent entrap-
ment agent and solvent combinations. The rst type of synthesis used poly vinyl
alcohol (PVA) (MW = 9000   10000) in a deionized water solvent. The second
synthesis type used ethylene glycol monomer (EG) and ethyl alcohol as the sol-
vent. The rst synthesis method created a slightly ner powder than did the
second, but required calcination temperatures above 1000C in order to produce
a white to yellow powder. The second synthesis method was found to be superior
for the current study, due to a lower calcination temperature needed to remove
all organics and produce pure oxide samples at 800C.
The nal optimum procedure involved, rst stirring the precursors in the solvent
till fully dissolved. Large amounts of TaCl5 were dicult to dissolve, as it tended
to stick to the stir bar. Adding larger amounts of solvent resolved this issue and
the process was also made easier by dissolving the TaCl5 before the Hf
4+ precursor
was added. After a clear solution was attained, the entrapment agent was added
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to the solution and stirred for 30 minutes. The solution was then heated on the
hot plate until most of the solvent had evaporated and the solution became milky
colored. The stir bar was then removed from the solution and the solution was
allowed to continue to heat in an oven at 200C. The powder was then calcined
for 1 hour in air. The powder was then milled by hand using an agate mortar and
pestle. By studying a few of the powders using dierential scanning calorimetry,
an irreversible exothermic peak was observed at about 900C . It was assumed
that this was the temperature of crystallization. All samples were crystallized at
1000C, and crystallization was checked by room temperature x-ray diraction.
7.3 Structure of Ta2O5Doped HfO2
The samples of Ta2O5 doped HfO2 powders were studied by high temperature x-
ray diraction using the same method by which pure HfO2 and ZrO2were studied,
see section 4. Samples with 10mol% Ta2O5 or less had the monoclinic structure
of HfO2. Any samples with more than 2mol% Ta2O5 had a second phase. The
main peak of the secondary phase was at approximately the same d-spacing as
tetragonal HfO2. At rst observation it was crudely assumed to be a stabilized
tetragonal phase of HfO2. It was found that not all the higher angle peaks matched
with this assumption. So in order to identify the phase, one of the samples
with higher proportion of Ta2O5was studied using the same methods. A sample
containing 10mol% Ta2O5 , though still containing some monoclinic HfO2, was
able to be rened. The unknown structure was found to be Ta2Hf6O17 (Ta2O5 
6HfO2 ), analogous to the crystal structure of Nb2Zr6O17. The high temperature
x-ray diraction patterns of this sample are shown in Figure 7.4. The expected
location of peaks for monoclinic and tetragonal HfO2 as well as for Nb2Zr6O17 are
also shown in the gure to provide an understanding of how the phases could be
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confused, just as they have been before in the ZrO2-Nb2O5 system.[54]
Figure 7.4: High temperature x-ray diraction patterns of monoclinic
HfO2 doped with 10mol% Ta2O5. The diraction patterns were collected on
cooling from about 1600C to room temperature, from top to bottom.
The basic structural properties of Ta2Hf6O17 were rened using the Le Bail
method. The crystal structure was found to be orthorhombic with room temper-
ature lattice parameters given in Table 7.1. The thermal expansion along each of
the lattice directions was also determined and can be seen in Figure 7.5. In com-
parison to pure HfO2 the thermal expansion of Ta2Hf6O17 has little anisotropy,
even though it has orthorhombic symmetry. The minimum thermal expansion
coecient is about 8  10 6 1
K
, at room temperature along the c-axis direction.
At higher temperatures the thermal expansion along the c-direction increases to
be about 9:5 10 6 1
K
. The thermal expansion along the a-axis is similar to the
expansion along the c-axis, only it is about 0:2  10 6 1
K
higher. The maximum
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thermal expansion in any crystallographic direction was observed in the b-axis
direction, which increases from about 9 10 6 1
K
to about 10:5 10 6 1
K
over the
temperature range studied.
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Figure 7.5: The thermal expansion of Ta2Hf6O17 along the lattice directions.
These are also the eigenvalues of the thermal expansion tensor, since the crystal
symmetry is orthorhombic.
Table 7.1: Room temperature lattice parameters of Ta2Hf6O17 rened by x-ray
diraction.
Ta2Hf6O17
Lattice Parameters (A)
a 4.9507(3)
b 5.0928(3)
c 5.2602(4)
When samples were made with less than 2mol% Ta2O5 , there was no sign of
Ta2Hf6O17 using high resolution x-ray diraction. It is assumed that Ta2O5was
then doped into the monoclinic HfO2 structure. The change in room temperature
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lattice parameters as HfO2 is doped with Ta2O5 is shown in Table 7.2. There are
a small dierences in the b, c and  lattice parameters between pure and doped
monoclinic HfO2, they are on the order of 0:01A for b and c and 0:1
 for .
All of the samples that were doped with less than 3mol% Ta2O5 had unit a cell
size that varied by amounts only slightly larger than the error of measurement.
This raises the question as to whether the saturation limit of Ta2O5 in monoclinic
HfO2 is less than 1mol% . This is possible, since the limit of x-ray detection
of second phases is approximately 1mol% . This will be investigated further by
performing total scattering experiments on these materials. The pair distribution
function that can be obtained using such data can provide information about the
oxygen coordination of the Hf4+ ion sites in the monoclinic structure as well as
information regarting the metal ion to oxygen bond length. This may allow for
further information regarding the location of the Ta5+ ions in the HfO2 structure.
Table 7.2: Room temperature lattice parameters of monoclinic HfO2 doped with
Ta2O5. Samples contained some trace of a second phase Ta2Hf6O17.
(100  x)HfO2   xTa2O5
x (%) 0.0 0.5 1.0 2.0 
a (A) 5.1181(1) 5.1198(4) 5.1174(2) 5.1176(5)
b (A) 5.1797(1) 5.1666(4) 5.1652(2) 5.1651(5)
c (A) 5.2894(1) 5.3020(4) 5.3000(2) 5.3020(5)
 () 99.245(1) 99.131(2) 99.144(1) 99.158(3)
Volume (A3) 138.402(5) 138.46(2) 138.31(1) 138.36(2)
The overall eect of Ta2O5 on the monoclinic structure of HfO2 as observed by
high temperature x-ray diraction was minimal and the volume was nearly un-
changed relative to pure HfO2. The eigenvalues of the thermal expansion tensor
for monoclinic HfO2 doped with 1mol% Ta2O5 is shown in Figure 7.6. The slight
change in thermal expansion relative to pure HfO2 can be attributed to a smaller
sampling of temperature, due to experimental eects. The phase transformation
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temperatures from monoclinic to tetragonal phase are also relatively unchanged.
In the sample doped with 1mol% Ta2O5, the transformation began at approxi-
mately 1741  2C where 7  1% tetragonal phase was present on heating. The
transformation was 81  2% completed by 1820  10C. On cooling the trans-
formation occurred between 1710  10C and 1610  10C. These temperatures
are not substantially dierent from pure HfO2. As a result it is concluded that
Ta2O5 is not useful in stabilizing tetragonal HfO2, or in raising the transforma-
tion temperature. Doping with Ta2O5 is also not useful in changing the thermal
expansion of HfO2, although continuing to add Ta2O5 until the new phase forms
produces a crystal structure that has signicantly less anisotropy, though similar
volumetric thermal expansion.
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Figure 7.6: Thermal expansion eigenvalues of monoclinic HfO2when doped with
1mol% Ta2O5.
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CHAPTER 8
FUTURE WORK
8.1 Instrumentation
The combination of the curved image plate detector and the quadrupole lamp fur-
nace has proven to be extremely eective for high temperature diraction studies
in air. Development of sample holders that can withstand ultra high temperatures
would be the most eective way to advance this eld, as sapphire and stabilized
zirconia are pushed to their limits at 1900C. Development of the xed incident
angle reection geometry will assist in this, as a larger number of materials can
be fabricated into a boat holder than into a capillary. In order to bring this setup
to full production scale a signicant push is being put onto user friendly software
so that a larger part of the scientic community can perform similar experiments.
8.2 Thermal Expansion
This work has brought to light a signicant correlation between the structure of
ZrO2 and HfO2 and the principle directions of thermal expansion. This along with
the markedly anisotropic thermal expansion that extends as the transformation
approaches indicates a coordination between the thermal expansion and the O1
to metal ion polyhedra. The O1 oxygens are coordinated by three metal ions and
require the formation of another bond during the transformation to the tetrago-
nal phase. The increase in anisotropy that is correlated with the orientation of
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these polyhedra suggests that they are frustrated and cannot accommodate the
expansion of the the O2 oxygen atoms that are four coordinated with metal ions
and thus able to expand at a greater rate. Of course due to continuum mechanics
of the crystal the parallel layers of the two types of polyhedra must expand at
the same rate. A reasonable hypothesis is that the layer of O1 polyhedra com-
presses to occupy the closed space in order to accommodate the strain from the
O2 polyhedra. This would give rise to the highly anisotropic thermal expansion
observed. This hypothesis also indicates that the crystal would not be capable
of sustaining this type of anisotropic thermal expansion and would need to rear-
range the bonds. This could be the cause of the dierence in temperature of the
phase transformation and would give further indication that there exists a bond
length above which the monoclinic structure is no longer stable. Future work to
test this theory could provide insight into ways to control the thermal expansion
using dopant or could provide further explanation about how the transformation
temperature is modied.
The plane of zero thermal expansion in HfO2 can be a signicant advancement
in the eld of thermal shock resistant materials if it can be processed in a way
to exploit this property. This would mean making single crystal depositions of
HfO2 aligned parallel to the plane of zero thermal expansion. Alternatively a
polycrystalline surface can be used that has grain aligned in the same direction
or randomly rotated along the plane normal. The usefulness of pure HfO2 for
this property is limited, but the knowledge of its existence will allow researchers
to search for a modied HfO2 based compound that enhances this property over
a wider and possibly tunable temperature range. The rst step in this process
would be to test the theory that a solid solution of HfO2 and ZrO2would also have
a plane of zero thermal expansion and that the temperature at which it occurs
would increase monotonically with the amount of HfO2 in the compound. Further
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studies could be conducted that attempt to dope HfO2 in order to modify the
eigenvalues of thermal expansion. Of the eigenvalues in the a-c plane, it is the
lesser of the two eigenvalues that dictates the temperature range of the plane of
zero thermal expansion. If this eigenvalue can be lowered and have a lesser slope
with temperature, so that the value is near zero for a larger temperature range
the thermal shock resistance of the material would be greatly enhanced.
8.3 Phase Transformation
For decades the inability to obtain HfO2 compounds with the same toughening
characteristics as ZrO2 has alluded researchers. This work provides a possible
explanation. ZrO2 is able to transform from tetragonal to monoclinic taking on
various lattice correspondence some of which exhibit more strain than others, but
have a larger shear component. It is this shear component which a crack tip
uses to drive the transformation forward. By the Bain strain calculations done
in this work, the shear component in the analogous transformation in HfO2 is
not nearly as large as in ZrO2. If HfO2 adopts the lattice correspondence LC-C,
as this study shows would be energetically favorable, it will not have the large
shear component, and will not be as readily activated by the shear stress at a
crack tip. In order to further test this theory an experiment must be devised
in which the true lattice correspondence of HfO2 can be probed. This is dicult
since it cannot be stabilized to room temperature. Alternatively, the density of
twining in a transformed sample can be observed. Using phenomenological theory
of martensite crystallography, knowledge of the twinning system and the density
of twinning can provide evidence as to which lattice correspondence is preferred.
If the true cause of the lack of transformation toughening in HfO2 is due to
the lower shear involved in the transformation, knowledge of this allows for the
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engineering of a better transformation toughener. By modifying the structure of
HfO2 (using dopants, matrix constraints, etc.) then replicating this work, exper-
iments and analysis will provide direct insight into the Bain strain the material
experiences. Correlations between the behavior of the transformation and the
modications made can be exploited to design a new transformation toughener
based on hafnia.
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APPENDIX A
THERMAL EXPANSION TABLES
Table A.1: The thermal expansion along each lattice direction for monoclinic
ZrO2 is provided, as well as the eigenvalues of thermal expansion.
Temp (C) Thermal Expansion (10 6C )
a b (EV3) c EV1 EV2
50 5:57(7) 2:89(9) 9:06(9) 10:7(1) 4:71(5)
100 5:94(6) 3:04(7) 9:20(7) 10:7(1) 5:14(4)
150 6:29(5) 3:16(6) 9:35(6) 10:79(9) 5:53(3)
200 6:62(4) 3:25(4) 9:51(4) 10:91(7) 5:87(2)
250 6:92(3) 3:31(3) 9:69(3) 11:08(5) 6:17(2)
300 7:20(2) 3:34(2) 9:87(2) 11:30(4) 6:42(1)
350 7:46(1) 3:34(2) 10:07(2) 11:57(3) 6:62(1)
400 7:69(2) 3:31(2) 10:28(2) 11:88(3) 6:77(1)
450 7:90(2) 3:25(2) 10:50(2) 12:25(4) 6:88(1)
500 8:08(2) 3:16(3) 10:73(3) 12:67(4) 6:94(1)
550 8:24(2) 3:04(3) 10:98(3) 13:14(5) 6:95(1)
600 8:37(2) 2:89(3) 11:24(3) 13:66(5) 6:91(1)
650 8:49(2) 2:70(3) 11:52(3) 14:23(5) 6:82(1)
700 8:58(2) 2:49(3) 11:81(3) 14:86(5) 6:69(1)
750 8:64(2) 2:25(3) 12:11(3) 15:53(5) 6:51(1)
800 8:69(2) 1:98(3) 12:42(3) 16:26(5) 6:28(1)
850 8:71(2) 1:67(3) 12:76(3) 17:03(5) 6:01(1)
900 8:70(2) 1:34(3) 13:10(3) 17:86(4) 5:69(1)
950 8:68(2) 0:97(2) 13:46(2) 18:75(4) 5:32(1)
1000 8:63(2) 0:58(3) 13:84(2) 19:68(4) 4:90(1)
1050 8:57(2) 0:15(3) 14:24(3) 20:68(5) 4:44(1)
1100 8:50(4)  0:30(5) 14:63(5) 21:75(8) 3:91(2)
1150 8:47(6)  0:75(7) 14:91(7) 22:8(1) 3:33(3)
1200 8:33(7)  1:33(9) 15:51(9) 24:1(1) 2:74(4)
1250 8:3(1)  1:8(1) 15:8(1) 25:5(2) 1:94(6)
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Table A.2: The thermal expansion along each lattice direction for monoclinic
HfO2 is provided, as well as the eigenvalues of thermal expansion.
Temp (C) Thermal Expansion (10 6C )
a b (EV3) c EV1 EV2
50 3:7(4) 0:8(6) 7:5(6) 9:0(8) 3:0(3)
150 4:8(4) 1:2(4) 8:6(4) 9:9(7) 4:2(3)
250 5:8(3) 1:5(3) 9:5(3) 10:8(5) 5:2(2)
350 6:7(2) 1:8(3) 10:4(3) 11:8(4) 6:0(2)
450 7:5(2) 1:9(2) 11:3(2) 12:8(3) 6:7(1)
550 8:2(1) 2:0(2) 12:1(2) 13:9(3) 7:25(9)
650 8:8(1) 2:0(2) 12:8(2) 15:1(2) 7:57(8)
750 9:3(1) 1:8(2) 13:5(2) 16:3(2) 7:70(8)
850 9:7(1) 1:6(2) 14:1(2) 17:6(3) 7:63(8)
950 10:0(1) 1:4(2) 14:7(2) 19:0(3) 7:37(7)
1050 10:2(1) 1:0(2) 15:3(1) 20:5(2) 6:92(7)
1150 10:1(1)  0:1(2) 16:4(2) 22:3(3) 6:46(7)
1250 10:2(1) 0:0(1) 16:1(1) 23:6(2) 5:40(5)
1350 9:88(9)  0:7(1) 16:8(1) 25:4(2) 4:28(5)
1450 10:09(4)  1:35(5) 16:95(5) 27:15(7) 3:25(2)
1550 9:4(1)  2:1(1) 17:2(1) 28:4(2) 1:90(5)
1650 9:4(1)  3:0(1) 17:6(1) 30:9(2) 0:27(5)
1750 9:1(2)  4:0(2) 17:2(2) 32:2(3)  1:31(9)
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Table A.3: The thermal expansion along each lattice direction for tetragonal
ZrO2 is provided.
Temp (C) Thermal Expansion (10 6C )
a (EV1) c (EV2)
900 10:9(1) 16:8(1)
950 10:86(6) 16:37(6)
1000 10:87(6) 15:97(6)
1050 10:90(4) 15:60(4)
1100 10:96(4) 15:27(4)
1150 11:04(7) 14:98(7)
1200 11:2(1) 14:7(1)
1250 11:3(1) 14:5(1)
1300 11:5(1) 14:3(1)
1350 11:7(1) 14:2(1)
1400 11:9(1) 14:2(1)
1450 12:1(1) 14:2(1)
1500 12:4(1) 14:2(1)
Table A.4: The thermal expansion along each lattice direction for tetragonal
HfO2 is provided.
Temp (C) Thermal Expansion (10 6C )
a (EV1) c (EV2)
1350 8:4(2) 12:5(2)
1400 9:3(1) 12:8(1)
1450 10:00(7) 13:16(7)
1500 10:55(4) 13:51(4)
1550 10:94(5) 13:89(5)
1600 11:17(6) 14:31(6)
1650 11:24(5) 14:76(5)
1700 11:16(3) 15:24(3)
1750 10:92(5) 15:76(5)
1800 10:5(1) 16:3(1)
1850 10:0(2) 16:9(2)
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